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NOMNCLATURE

Note 1: The symbol lb is used for pound force and Ibm for pound mass.
"-T-owever, in iany places the subscript m has been deleted where the

unit is clear.

Note 2t The symbol F is used for the unit, Fahrenheit degree (terperature
-• ifference). One Rankine degree is equal, to one Fahrenheit degree,

hence, the symbol F is also used for a degree on the absolute tempera-
ture scale. The symbol *F is used for the terperature, that is, the
place on the Fahrenheit temperature scale.

Note 3- The prime (') and double prime (") are used with such symbols as
m, q, W, and w to denote that the quantity refers to a unit of length
or a unit of area, respectively.

Note 1: The bar (-) over a symbol denotes a mean value of the quantity.
The arrow (-.o) denotes a vector quantity.

Note 5s The superscript + indicates a dimensionloss quantity.

Symbol Quantity Unit

A area ft

a droplet radius; width of passage .

b coefficient of ra's transfer ft/hr

b height of passage ft

C constant

C total.-pressure-,loss•-coefficient factor
for diffusers

c pitch of currugation ft

- drag coefficient

CL lift coefficient

defined by Eq. 2-21

Cn pressure coefficient

c specific heat B/lb Fp m

D mutual diffusivity of water vapor in air ft 2 /hr
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Symbol Quantity Unit

Dd droplet diameter microns

Dd duct diameter ft

E accumulative collection efficiency

Em total collection efficiency

F function; factor

To comreeasibility factor

f coefficient of friction defined by Eq. 2-3

G ratio defined by Eq. 6-22

0 rate of flow per unit area lb/hr ft 2

g constant of acceleration due to gravity ft/sec2

H ratio defined by Eq. 6-23

H total pressure lb/ft2

h coefficient of heat transfer B/hr ft2 F

hU over-all coefficient of heat transfer B/hr ft 2 F

I (Nt)modA/St

i enthalpy B/lb

J defined by Eq. 2-33

J mechanical equivalent of heat ft lb/n

K coefficient of total-pressure loss

K inertia parameter defined by Eq. 3-7

KPt pressure-temperature correction factor

Ks average inertia parameter defined by Eq. 3-22

k thermal conductivity B/hr ft F

L length; chord length ft

M Mach number.

V molecular weight lb/lb-mole
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Symbol Quantity Unit,

m Euler number

m rate of evaporation lb/hr

NNu Nusselt number, hL/ko

Nlu,D Nusselt number, hD/kf

N Nusselt number, hL/kf
Nu,L L

Ntpr Prandt 1 number

NReynolds number, U0 L ?

NRe,D Reynolds number, UoD f/D

NRed Reynolds number, U0 Dd •o/,#o

Reynolds nwzber, U L ) //f

N3  Schmidt number

SN~t Stanton number, h/(Uo cp)

(Nst)mod modified Stanton humber, b/U0

n exponent; number of vanes

p pressure lin.-mercury;
in.-water

Q volumetrio discharge ft 3/sec

q rate of heat transfer B/hr

R gas constant ft lb/lb F

r radius ft

s profile' distance ft

sH heated distance ft

T absolute temperature OR

t temperature "F

U velocity ft/sec; knots

u local velocity of air relative to airfoil ft/sec
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Symbol Quantity Unit

v specific volume ft 3 /lb

v local velocity of droplet relative to airfoil ft/sec

W rate of impingement lb/hr

w rate of flow lb/hr

X width ft

x profile abscissa ft

Y height; depth

y profile ordinate ft

(Ay6x)_ airfoil thickness ft

z defined by Eq. 6-13 and -14

Sangles: degrees

S, p fractions

p local collection efficiency defined by EQ. 3-28

Sp defined by Eq. 4-3.

r specific weight lb/ft 3

5 angle degrees

boundary layer thickness in Eq. 2-9 ft

surface wetness fraction

fin effectiveness

local recovery factor

e defined by Eq. 2-26

half divergence angle of diffuser

9 defined by Eq. 6-15 7

ratio of specific heats

defined by Eq. 2-24 in Section 2-12.1
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Symbol QuantitLy Unit

Se~lpirical parameter in Sections 2-11.1
and -1-1.2

latent heat of vaporization in Chapter 6 B/Ib

114dynamic viscosity sAug/ft 8005
lbg/ft hr

k i:nematic viscosity ft 2/sec; ft 2/br

TF defined by Eq. 2-25

density slug/ftj Ibmjft'

angle degrees

parameter defined by Eq. 3-15

parameter defined by Eq. 3-14

W '•specific humidity

LOW liquid water content g/cu meter

SUBSCRIPTS
SlQuantity

A1BCD,*.. chordwise stations along double-skin passages

a air; air in double-skin passage

b bulk; branch

contraction; convection; cylinder; corrugation

d droplet, -duct

e effective; equivalent; elbow;

e.,x exit; expansion

I film

G double-skin gap or passage

i incompressible; inlet; index

iso isothermal
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s_• Qu•ntlty
j index

L lower surface

lam laminar

o free stream; orifice

m mean

s surface

sk skin

st stagnation point

tot total or stagnation condition

tr transition

turb turbulent

u upper surface

7
v vapor

w water

x x-direction

y y-dir•ctl on

I outer edge of boundary layer

1,2•3,... sections; stations
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Chapter It INT-RtJUOTION

1-1 Scope and Objectives.

This manual deals with steady-state, or continuous-, t~hermal nnti-

icing of wing and tail surfaces. The heating medium of any system con-

sidered here is assumed to be hot air flowing along inner surfaces of the

skin, that is, through so-called double-skin heat exchangers.

Specific objectives of the manual are to provide methods and reference

material for the design of continuous thermal anti-icing .systems in *ings

and 4sWpennages insofar as the thermal design is to be considered. -Other

aspects of the design, auch as the selection of a heat source, the perform-,

axice. of. 1he power plant during icing cohditions, the effec~t on range of

Plight, the eponomic aspects, etc, are not treated here but may be f ound:
in other plýAceA. For example, Tribus. (Ref. l214, Chapter 111) deal's with

some of these problems.

hIL~e only anti-iceing is being considered, a large amount of the

reference material, such as the data from calculation ofwaedrpt

trajectories, may be used for calculations, on mech nical, 6hemical, and

cyclic de-icing systems*..

l-P Meteorological Design Data
The rate of w~t~er impingement will be found .to'depend'upon the fol-

lowing meteorological, quantities: liquid water content, droplet sizes,

and t~sperature.. A typical jet of tbes e quantities ins1

liquid water content......... o.5 gram/cubic meter
droplet size (n om). ..... 20 microns

air temperature .............................. 1507

Several investigators (see, for ex~ample, Ref. 52, 67, and 83) have taken

steps to reach methods of selecting the meteorological quantities as well

1Teunits are those generally employed in this fiald of application,
To change to consistent engineering units, consult Table A-4 in the Appen-
dix of thiu m~anual.
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as horizontal and vertical extent of icing conditions. It will be supposed

that the designer enters the text with knowledge of the icing conditions

against which he desires to protect the airplane. The next few sections

contain the approximate ranges of the meteorological quantities and some

of their influences. In regarding them, it should be borne in mind that

extreme combinations of the meteorological quantities have been found to

be infrequent. Thus, while simultaneous low temperatures and high amounts

of liquid water content would produce extremely hazardous icing, this com-

bination of properties has a low probability because the supercooled water

droplets in a cloud freeze in increasing numbers as the temperature do-

creases. Other more or less fortuitous relationships between meteorologi-

cal quantities seem to occur. Moreover, the experienced pilot) whenever

possible, avoids or reduces the effect of icing by changing his course,

speed, or both.

lý2.1 Influence and Range of LiQuid Water Content

The rate of water catch increases in direct proportion to the

liquid water content. Its "ximum v~alue is reported to range up to

1.8 grams per cubic meter in cumulus clouds (Ref. 129). Stratus-type

clouds seldom exceed 1.O gram per cubic meter and usually have only a few

tenths gram per cubic meter (Ref. 129).

1-i-.2 Influence and Range of Droplet S:;ze

The droplet size influences the, rate of water catch in a very

complex way. All other variables remaining fixed, the rate of water catch
incireases with increasing droplet size. Calculations are usually based on

a mean effective diameter, which is the diameter of the droplet such that

half the liquid water content lies in droplets of lesser diameter and the

other half in droplets of greater diameter. Mean effective diameters
range from about 5 to 50 microns diameter. Tribus (Ref. 124, page 1-3)
shows that at moderate altitudes and Lemperatures, high liquid water con-
tants and large droplets seldom occur simultaneously.

The experimental results of Dorsch and Hacker (Ref. 36) and the
statistical investigation by Levine (Ref. 82) indicate that droplets of any
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given size freeze spontaneously at a markedly high rate when their tempera-

ture is lowered to a particular value peculiar to that drop size and that

the average spontaneous freezing temperature of each size group decreases

with decreasing droplet size. It appears that for all practical purposes

of the present application it may be assumed that no liquid water exist-

in the atmosphere when its temperature falls to -4O*F or below, although

in laboratory tests supercooled water has been shown to exist at lower

temperatures.

1-2.3 Mean Icing Atmosphere

From 300 icing observations studied by Hacker and Dorsch (Ref.

52), it was found by Brun, Serafini, and Moshos (Ref. 27) that the average

icing temperature of the atmosphere at any altitude differs somewhat from

the corresponding temperature of the NACA Standard Atmosphere (Table A-l .

These temperatures are plotted, in Fig. A-1; averape icing temperatures are

represented by the solid line and standard temperatures by the dotted line.

In this, manual many of the calculation aids are constructed with the idea

that the termperature of the atmosphere is uniformly 156F. This is consist-

ent with the assumption that large droplets and high water contents may

occur at any altitude and allows conservative bases for design. In any

case, the relationship between pressure and altitude is that given in

'Table A-1.

1-2.4 Influence of Meteorological and Flight Parameters on Heat

Requirements

It will be seen that the heat provided to the skin of a wing to

protect it from icing is dissipated mainly in heating the water that col-

lacts on tho curface, in evaporating the water, and by forced convection.

J. L. Orr (Ref. 103) presents res1lts of calculations to show the effects

of variations of th.e major meteorological and-flight parameters on the heat

required per unit time per unit area to maintain the stagnation region of

a circular cylinder free from ice and at 32OF. Some results of those cal-

culations are now summarized.

The heat required ta almost a linear Tunction of the air tempera-

ture, increasing as the temperature decreases. Also, the heat required is
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a linear function of the liquid water content, increasing as the liquid

watar content increases. As the mean effective droplet diameter increases

and approaches 20 to 30 microns,, the heat load increases, approaching a

practically uniform amount.

The altitude has a relatively minor effeot. The reabon is that

the reduction in convective losses due to decreased density is offset by

an increase in evaporation losses due to reduced pressure.

Small cylinders are less effective in deflecting the water drop-

lets than large cylinders. For this reason small cylinders require rela-

tively mtch more heat per unit area than large cylinders. The influence

of size is less noticeable among cylinders of large diameters.

Velocity has an important influence. As the speed increases

from zero velocity the heat requirement reaches a peak and then dimimishes,

chiefly on account of t1e kinetic heating due to skin friction. It is

highly probable that any airfoil moving with Mach number greater than

unity would remain free of ice, not requiring any heat other than that

provided by aerodynamic heating. Certainly, under ordinary circumstances.

at Mach number 1.5 any auxiliary heating would be unnecessary; the water

would remain in the liquid phase and run off the trailing edge. However,

if the criterion of design is complete evaporation without runoff, the re-

quired rate of heating is very high, even when the speed is well in the

supersonic region..

The qualitative remarks in the prececing paragraphs apply equally

well to the stagnation region of airfoils. Beyond the region of stagnation,

the relative amounts of heat lost by sensible heating of the water, by

evaporation, and by convection can be considerably different from those

illustrated in Orr's graphs.

Also, runback beyond the heated area can be to-erated when speeds

are high enough so that the aerodynamic heating maintains the riinback in

the liquid phase.
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Description of Hot Air Anti-cing _Systems

Figure 1-1 is a cross section of a typical double-skin heat exchanger

in the leading edge of a wing. The inner skin may have any of the shapes

shown in Fig. 1-2. The corrugated and dimpled types are usually made of a

thin metal which can be easily pressed. The height of the gaps may vary

from a large fraction of an inch in the case of the sinusoidal shapes to

about 1/8-inch in the case of the rectangular or trapezoidal shapes, although

much smaller gaps have been reported. Some typical dimensions of the pas-

sages are Ohown in Fig. 1-2(e), -(f), and -(g). The heights of passages

made with spacers or by milling operations arC most eAsily controlled

in production. The passageways must be kept clear of any foreign materials

during assembly, particularly if they are thin. The inner skin is usually

fastened to the outer skin by means of rivets.

The entrance to the passages shown in Fig. 1-1 is rounded by means of

metal strips fastened over the peaks of the corrugations. However, in other

constructions the entrances have been left sharp, and in some cases the

upper and lower panels have been made continuous, the air entering at the

leading edge through one or more orifices per passage. The orifices are

sized, often by test, to meter and balance the flows through'the corruigatione;

The same purpose is served by the orifices at the outlets of the corrugations

shown it Fig. 1-1.

The seals at the end of the corrugations and similar seals along the

edges of the individual panels are important. If they are not provided,

the system may become so unbalanced that insufficient heat will be provided

along many passages) and icing will occur. Several mastics or caulking

compounds are available to make the seals.

Other types of distribution systems are shown in Fig. 1-3. In Fig. 1-3(a)

a liner is used and the air is directed in such a way that it makes a double

pass. The liner is used to provide a more uniform channel through the D

duct so that pressure losses are reduced (Ref. 98).

In Fig. 1-3(b), the qupply duct passes behind the front spar. This

duct sho'ild be insulated because it is in a region of low temperature.
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Insulation should be inserted between the duct and the supporting brackets

in order to reduce the influence of through-metal conduction. This type

of distribution is suitable where large ducts are needed as in low-pressuse

anti-icing systems in thick wings.

A modification of this type of distribution system is shown in Fig.

1-3(c). The supply duct, which is perforated, passes through the D duct.

This arrangement has been used in high-presaure anti-icing systems where

wings are thin, where little space is available forward of the front spar,

and where the supply duct 1s small. The orifices meter anid balance the

flow.

Another modification for a high-pressure system is shcwn in Fig. 1-3(d).

Here, part of the air is reeirculated. In this case the supply air may be

at quite a high temperature. In one design, about 70 per cent of the air

flowing through the corrugations has been r ecircuiated.

Other types of distribution systems have been employed and suggested.

An anti-icing system based upon spanwise flow of the hot air instead of

chordwise flow is analyzed in Ref, 28. Only the chordwise heaters, which

at this time seem to be more practical from the viewpoint of manufacture,

are considered in this manual.

The simple types of passages shown diagrammatically in Fig. 1-2 may

be combined in a single double-skin heat exchanger, and in some cases the

distribution system may be quite complex. Figure 1-4 is a sketch of a

heater comprised of spacer and dimple-type passages in the leading edge of

a wing with a slat. Warm air exhausting through the ori.fices in the slat

passes down between the slat and the main part of the wing to keep the space

between them free c9 ice. The heater on the lower surface is longer than

the heater in the upper surface because the area of impingement on the lower

surface is largere

Some of the complex details of the supply duct and corrugated double-

skin heaters in a vertical stabilizer are shown in Fig. 1-5.
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FIG. 1- 5 DOUBLE-SKIN HEATER IN THE LEADING
EDGE OF A VERT' AL STABLIZER



1-4 The Desilner's Problem

The designer must determine the size of the passages, their arrangement,

the amount of heated air, and the air temperature required to keep the ex-

terior surfaces free of ice. Having determined a physical arrangeiment, he

will also be called upon to analyze its performance under any given flight

and icing conditions. Neel (Ref. 98) suggests that space limitations and

the available heat supply often will determine the physical arrangement of

the anti-icing system and that. the design procedure become- one of deter-

mining what temperature and what rate of air flow should be suppliedL to an

arbitrarily chosen system.

'he purpose of the next chapters is to provide some methods and refer-

ence materials to aid the designer in the calculations to meet these ends.,

Details of many individual problems are sti'.l unsolved; therefore, the de-

signer must bring to this task his knowledge of the engineering sciences and

the arts of engineering practice which he gains by experience. So far' ex-

perience has shown that the general techniques set forth in the following

pages lead to rather satisfactory results.

Following Neel's suggested procedure, the designer, either by experience

or by preliminary calculations to be described later, arrives at a double-

skin .heat exchanger and suoply system. Then he analyzes the system, ad-

Jumping the inlet temperature of the air and its rate of fow u:httil effective

operation is obtained. If this condition cannot be met within the limits

of available flow, permissib' e temperatures, and allowable expenditure of

energy, the design must be altered until a satisfactory solution is attained.

The final check is obtained by flight tests in icing weather.



Chapter 2: AIR FLOW IN COMPONENTS OF ANTi-ICING SYSTEMS

2-1 IntroductoEZ Remarks

The designer may be faced with either of two general problems. Ducts

will have to be sized for the proper distribution of a predetermined amount

of hot air. Or the distribution of the flow through a given anti-icing

system will have to be determined in order to anaiyze the performance of

the system. The purpose of this chapter is to provide some relationships

and reference material to aid in solving either of these problems.

Results from many investigations on frictional resistance in straight

circular ducts have often been shown in the literature to be in satisfactory

agreement. Investigations on other components such as elbows, branching

ducts, and so forth, have beeoi so diverse with regard to configurations and

flow characteristics, that generalization o, this information usually has

presented difficulties. Portunately, calculations.based on the methods

and data of this manual, which have been taken mainly from well known

sources, seem to be sufficiently accurate for the present. application.

Energy losses of air flowing in a duct system depend upon the con-

figuration of the conduit, the nature of the flow, and the physical proper-

ties.

2-1.1 Configuration

The configurations and the maierial of the conduit play the most

important role in consideration of the pressure drop. Changes of magnitude

and direction of the fluid velocity and distributions of the flow and static

pressure are influenced primarily by the geometry of the passages. Thus,

an abrupt change of cross section may cause large energy losses. The sur-

face roughness may change the nature of the flow and increase the frictional

losses.

2-1.2 Nature of the Flow

The diatribution of velocity approaching amy elbow or other fitting

is known to have considerable influence on the losses. This influence is
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extraely complex) and the designer is usually satisfied to approximate the

losses by assuming that the distribution is uniform.

As is well knownn, frictional losses are much greater in the case

of turbulent f!2o than in the case of laminar flow. In a straight oircular

tube, the flow may be considered laminar if the Reynolds number is less

than 2300; in a crved tube the critical Reynolds number may be greater.

Above 10,000 and in long ductea it may be assumed that fully developed tur-

bulence has developed. Between these two values a transition occurs which

cannot be well defined. In any ý-ase, a region of transition occurs inside

the entrance.

2-1.3 PhMysical Properties

The major properties entering the discussion of fluid flow in in-

teilial systems are density e and dynamic viscosity. M The ratio

also occurs; it is denoted by v and called the kinematic viscosity. .

Tables A-i and -2 may be used to evaluate these quantities. The density
of the air mAy be calculated, also, by means of the relationship of state,

z ~(2-1

Taking1  [p - lb/At2  ET R and R 5 3 3.f6 lb/lb F, the units of

are lb,/ft 3 . For all pr'actical purposes the specific weight • has

the-same numerical value as • but its units are bý/ft 3 . It may be re-

callod that if e is nvxes6ed in slug/ft3  then =g,

The flow is considered incompressible o• compressible, depending

Von vhethei the density changes with the pressure or not. In most cases

the density may be regarded as virtually ccnstant and in the following

eections, unless otherwise specified, tbe flow will be considered incom-

pressible'.

IFor the bracketed expressions, "C...t", read, "the units of ... ".

WAJC TR 54-313 14



2-1.4 Frictional and Fitting LoSses

The sum of the static pressure and the dynamic pressure is called

bhe tot4l pressure:

H p(2-2)

In a system without energy losses, H would be uniform. In this manual

losses of total pressure due to fluid friction, as in the case of flow

through straight tubes, will be called frictional losses; all other losses,

such as those due to elbows, diffusers, branches, and so forth, will be

called fitting losses.

In accordance with the Principle of continuity, since the effect

of non-uniform velocity distribution is not considered, the dynamic pressure

tUr/2 ina duct. of constant cross-sectional area. ij constant and the loss

of total pressure is. equal to the loss of static pressure.

Since, in most practical cases, the pressure losses are approxi-

mately proportional to the square of the air velocity, losses may be re-

duced by using ducts of large size. Frictional losses in short straight

ducts of constant cross-sectional area are relatively small compared with

fitting losses. Therefore, care should be taken to keep the number of

fittings as small as possible.

2-2 ,Pressure Drop in Straight Tubeb

The pressure drop due to friction of a: fluid flowing in a tube is cal-

'culated by means of th e Darcy-Weisbach equabion,

H LU (2-3)rg
where U is the mean velocity. If TJ = ft/sec, ' = lb/ft 3, g 32.17

ft/sec2 , then Acp% lb/ft 2 . The friction coefficient f is.a function

of the Reynolds xnmbe4 and surface roughness. Figure 2-1 shows the friction

coefficient f for ,smooth tubes based on values from Ref. 96. It may be

noticed that there are well established correlations for the friction
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coefficient of entirely laminar or fully developed turbulent floIw. Infor-

mation for the transition region, which probably extends over a broader

range of NRe than that shown, is not well' established.

In order to facilitate the calculation of presszre drop for air in

straight tubes Fig. 2-2 and -3 have been constructed.1 Figure 2-2 shows

values of pressure drop in in.-water per foot length of tube as a function

of the weight rate of flow and tube diameter. The diagram is based on

300 F temperature and 29.92 in.-mercu•r pressure.

To obtain a preasmie drop for any temperature and pressure the value

of 4 taken from Fig. 2-2 must be multiplied by the correction factor

St given in Fig. 2-3. The factor Kpt includes the influences of pres-

sure and temperature on the fluid properties.

2-3 Pressure.Drop in Elbows

' loss of total preosure occurs when air passes around a bend. This

loses is caused mainly by regions of reverse flow due to separation and by

eddying motions. whose kinetic energy cannot be completely recovered. A

relatively small lose is caused by friction.

For a bend of uniform cross-sectional area the loss of static pressure

is equal to the loss of total pressure and epr&essed as a fr&dtion

of the dynamic pressure. Thus,

Ap nH •(2-4)

where Ke is the Doefficient of tota1-pressure loss. Locklin (Ref. 84)

shows that the value of KX depred on (1) the Reynolds number, 8) the

radiuo rati4 and the asps..t ratio, (30 V arig91 of dflec. )n, and (4) tha

termimat• o of the elbow.

.iodlar figures appear in Ref. 111.
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2-3.1 Influence of Reynolds NEmber

Patterson (Refo 104) noted that a ten-fold increase of Reyn6lds

number may reduce the hend-loss coefficient about ho per cent. Pigott

(Ref. 106) has introduced the influence of surface roughness and Reynolds

nmnber in the following empirical equation for the loss coefficient in

round and square elbows,

(R -2.5 z2.5
Ke = 0.106 () + 200 f ,+f (2-5)

The first term represents the net loss coefficient for a fictitious smooth

elbowl R: is the radius of the curve sand Y is the depth in the plane of

curvature. The second term gives the increase due to combined effects of

roughness and Reynolds nLmtber, the friction factor being used to characterize

these two factors. The last term gives the frictional loss, L being the

length, of the centerline.

2-3 .2 Influence of Radius, and Aspect Ratios

The results of investigations by Virt (Ref. 132) and Hoffmann

(Ref. 61) on the effect of -dius ratio (the radius . curvature of the

centerline divided by the depth in the plane of curvature, that is, R/Y)

on the loss around 90* corners revealed that for beet porformance of the

elbow theladius ratio must be 3 or more.. Whereas it is generally agreed

th;t the inside corner must be well rounded some question remains about the

outside corner. Wirt (Ref. 132) states that the loss of total pressure of

an elbow may be improved about 10 per cent by using a square outside corner.

McLellan and Bartlett (Ref. 93) find that although an elbow with a equare

outer corner is better than an elbotw with a well rounded corner for ducts

of low aspect ratio (the height normal to the plane of curvature divided by

the depth in the plane of curvature, say, X/Y), the square outer corner is

not better at high aspect ratio.

According to results obtained by WVirt the aspect ratio of 90* bends

should be about 6 or more for best performance. The influences of the

In the case of the round or s*iare duct, Y is the diameter or the

length of the side, respectively.
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radcSb.q and aspect ratios are shomn quantitatively in Fig. 2-4 to 2-8.

2-3.3 Influences of Angles of Deflection

The experiments by Kirchbach (Ref. 73), Bauchayer (Ref. 8), and

others show that the losses decrease as the angle of deflection decreases.

This variation of bend losses as function of deflection angle is shown in

Fig. 2-9, which is reproduced from Ref. 1lll

2-3.4 Influence of the Termination of the Elbow

The works of Bei3 (Ref. 10) and Schubert (Ref. 116) point to the

fact that the influence of the elbow may persist for as many as 50 diameters

downstream in round pipes, particularly lollowing bends of large radius

ratio.

For good perf ortnme, the bend should be followed by a portion of

straight duct having a length of at least four times the larger dimension

in the cross section of the bend. With reference to Fig. 2-4, comparison

of Curves 3 and 4 and of Curves 1 and 5 shows that without the straight

dduct at the outýet an elbow may have as much as 60 per Cent higher pressare

loss than the same elbow with the straight portion0 |

2-3,5, Cilculation of lbow Losses

*Equation 2-4!'giveds the pressure loss okt un elbow. Tho v'alue o&•6"'
the pr-ssure loss coefficient Ke -fy be obtained from Fig. 2-4 to 2-12,'

All coeff•ientsz'shown include the pressure loq, sos duo to the, friqt..$om,. /
Figure 2-L is a plot of K6 versus the radius ratio i/Y for square ei:d

" round elbows (aspect ratia Y/X = 1).tAd for Reynolds pumbn v., A o t,

.! ...... r'. *0 sure lo. coeff..-.ent

mAy be% obtaineua pY 4 qtb the corre..tion

factor taken from Figz : .s to be us, d

with Curves 1, 2, and 3 pipe' is tc be

used with Curves 4 and

WADC TR 5h-313
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Figure 2-6 shows the coefficient of pressure drop in retarigular

bends of radius ratios I/Y = 2/3, 5/3, 1, 4/3, with or without pipe.

For values of Reynolds numbers up to 600,000 the pressure-loss

coefficient may be obtained from Fig. 2-7 for rectangular cross. section

and from Fig. 2-8 for elliptical cross section.

For circular bends other than 90e, the pressure loss coefficient

must be multiplied by a correction factor obtained from Fig. 2-9°

The pressure-•loss coefficient for mitered elbows of circular and

rectangular profile is shown in Fig. 2-10.

The prossurn-loss coefficients of the.: compound bends illustrated

in Fig. 2-11 are presented in Fig. 2-12.

Additional information on pressure loss of bends may be found

in Ref. 2,, 8 4, 93) and 131.

2-4 Improvement or Beind Efficiency

In practice it i not always possible to design a corner with radius

and aspect ratios to give small pressure loss. When this happens" improve-

ments may be made by partitioning with a siufficient number of guide sur-

faces, or vanes, so that each compartment has a high aspect iatio, or a

good radius ratio, depending upon what is needed. However, the increase

of frictional lo6ses limits the improvement of the turn by this method.

According to Wirt (Ref. 132) the loss of a 90Q turn improved in this way

may be as low as 20 or 30 per cent of the dynamic pressure.

2-4.1 Circular Sheet-Metal Vanes

Figure 2-13 is a diagram illustrating the application of circular
arc vanes to a bend (Ref. 59). The spacing and radii of the vanes are uni-

form. With reference to the nomenclature in Fig. 2-13 the numbcr of vanes

reqiiired is

r r -1  (2-6)
ALT5 ii
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where L = 2r sin (P/2) and • is the lift coefficient of the vanes.

It was suggested in Ref. 59 that for thin vanes installed in a 90* bend,

a lift coefficient of 0.8 wil2 give approximately the minimum losses

and a satisfactory velocity distribution. A smnall amounit of experimental

evidence indicates that the value 0.8 will apply to bends other than 90".

Kroeber (Ref. 77) found that f.r a 90" bend the angle of attack oX should

be 48', or 3" more than the half angle of the 90* bend. Henry suggests that

in a bend of angles other than 90 the amowut by which the angle of attack

should exceed half the amount of the bend may be taken as the proportional

part of the 30- For example, for a 45" bend, an angle of attack of 2V

would be obtained.

For a 90* bend with inlet and outlet area the same in size and

shape, Eq. 2-6 may be simplified to

n (2-7)
CL r

where • denotes the arithmetic mean radius of the inside and outside walls

of the bend. If = 0.8,

n-= 2 -l (2-8)
r

2-4.2 Thin Vanes of Non-Circular Profile

Figure 2-14 and Table 2-1, taken from Ref. 59, show the contours

of thin vanes of non-circular profiles$ which may be used in bends of uni-

form cross section. Their theoretical development it due to Kroebex, (Ref.

77). The performance of these vanes is shown in Fig. 2-15. The required

number of vanes can be found directly from the chord length and the. gap-to-

chord ratio of Fig. 2-15. Vanes with large chord lengths should be used

in preference to those with small chord lengths.

2-43 Thick Vanes

Although it is expected that thick vanes would not be employed

for the present application, some performance data are presented for comn-

parison with sheet-metal-vane performance. The performances of thick vanes

wac •R 54-3,13 33
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TAMLE 2-1 OWINATES FOR IMBER THIN-VANS POMIL8

Y/L

90* beri/ 60' bend 45' bend 30" bend

o.oo 0o.oo 0o.0o o.000 0.000

0.05 0.087 0.041

olo 00.154 0.074 0.044 0.031

0.15 0.200 O.i0,-

0.20 0.236 0.124 0.075 0.051

0.25o 0.262 0.140 -- -

0.30 0.277 0.153 0.094 0.067

0.35 0.284 0 .161 ---

o.00 0.284 o.166 0.105 0.07i

0.45 0.283 0.168

0.50 0.273 0.164 0.103 0.071

0.55 0.26o 0.•157
0.60 0.2L2 0.151 0.094 0.067

0.65 0.219 0.142 --

0O.0 0.192 0.129 0.078 0.055

0.75 0.167 0.111

0.80 0.137 0.096 0.058 0.043

0.85 0.104 0o072

0,90 0.071 0.048 0.030 0.024

0.95 0.037 0.026 -- -

1.00 0.000 0.000 ' 0000 0.000
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and circular arc sheet-metal vanes are shown in Fig. 2-16. The profile of

Vane No. 1 is a ci-cular arc with radius 2L/3 joined tangentially to two

straight lines inclined &t L5* to the chord. The profile of Vane No. 2 is

the arc of a quarter-circle (radius L/ VrP). Vane No. 3 has a thick pro-

file resembling the shape used in a winLd tunnel. The maximum thickness is

near the center of the chord. The profile of Vane No. ý is a modification

of a foreshortened RAF 30 section arranged along a circular arc, the maxi-

mum thickness being located about one-third the chord length from the lead-

ing edge. The profiles of Vanes No. 3 and L are given in Ref. 75. Experi-.
nrnts show that the .most uniform velocity distribution is obtained with

Vanes No. 2 and 3.

With regard to the coefficient Kv, the graph of Fig. 2-16 shows

that tho minimtun value is obtained for definite gap-to-chord ratio, Further,

it appears that the difference between values of K for the thin and thick
v

vanes is not appreciable.

The graph of Fig. 2-16 is plotted for the, angle of attack -

In Fig. 2-17 the influence of the angle of attack is showm; the optimum

angle is about I8V. Tho same value vas found for thin circular-arc vanes.

ethArly, small variations from the optimum angle have small influence on

the pressuro losses1 of the thick vanes. For these vanes values of 0L from

C.9 to 1.0 may be used in Eq. 2.-7 to determine the number of vanes.

2-5 Internal Inlets

An internal inlet taps air from a chamber in which the air is essenti-
ally stagnant. FIgure 2418 shows pressure losses for a few such inlets.

It may be seen that flaeed types have low preSaure-loss coefficients. The

lowast pressure-loss coefficient was obtained Using a lemniscate for the

inlet profile.

2-6 External Air Intake Scoops
An external inlet takes air aboard from the flow outside. It is a nor-

mal requiremnmt of such a duct intake that it recover practically the entire

total pressure corresponding to the flight speed of the airplane. The
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influence of the boundary layer, Velocity ratio, and angla of attack orr

total-pressure distribution at the scoop entrance may be seen on Fig. 2-19.

The shape of the scoop inlets was nearly rectangular with well rounded

corners. The profile coordinates of the scoops may be found in Ref. 6.

Scoops a, b, and c and Scoops d, e, and f were mounted at distanoes from

the nose equal to 9.5 per cent and 37 per cent fuselage length, respectively.

Scoops d, e, and 'f. were similar except for the method used to sepa-

rate the boundary-layer air from the inleL air. The boundary layer approach-

ing Scoop d was bypassed under a screen and taken into the scoop with the

rest of the air. Scoop e was entirely outside the layer, and provisions

wore made to divert the boundary layer around the scoop. In order to pre-

vent any spillage of boundar~r layer into Scoop f, a metal, sheet of length

equal to the height of the inlet was extended forward of the scoop.

Employing a few empirical principles as a guide, the designer can de-

vise a scoop whose performance is satisfactory for the, present application.:

The performance should finally be checked by tests. Dearborn and Silver-
stein (Ref. 34) suggest some of the following rules for the design of effici-

ent scoops .

2-6.1 Scoop Location

It may happen that the scoop is in a region where the boundary

layer is thick. Since the mean dynamic pressure of the boundary layer is

smaller than the dynamic pressure of the air at the outex edge of the

boundary layer, the performance can be improved by placing the scoop above

the boundary layer. Assuming that the mounting surface of the scoop can

be considered as a flat plate, the boundary-layer thickness on a flat plate

may be used as a guide for determninjmg the distance between the mounting

surface and the lower edge of the scoop inlet. Thus, if the flow is turbu-

lent, the height would-be

= 0.37 " 15 (2-9)

where s is the profile distance from the forward stagnation point to the
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scoop inlet, and U is the velocity which would occur at the outer edge

of the boundary layer if the scoop iwere not there.

2-6.2 Scoop Area

The scoop entrance aral should be designed for air inlet velocity

of 0.5 of 0.6 of bhe free stream velocity. It may be assumed that the

total pressure at the scoop entrance is free stream static plus 0.9 free

stream dvac pressure. Employing these factors in conjunction with a

given rate of flow thrbgh the intake, bhe designer can calculate the

area of the entrance and the static pressure at the entrance.

2-6.3 Scoop Shape

The shape of the lips should be similar to an airfoil shape. A

sharp-edge scoop should not be used.

The afterbody behind the maximum scoop section must bo well shaped

and sufficiently long to avoid flow separation. Four times the scoop height

should generally suffice.

For air intakes other than scoops Ref. 33 and 78 may be consulted.

2-7 Sudden Contraction and Epansion

When a sudden enlargement of the flow passage occurs (no diffusxer).

the kinetic energy of the fluid in the small conduit is not fully recovered;

the losses are called expansion losses.

When a stream flows from-a large conduit through a sharp-edge entrance

into a small conduit, large losses may.occur on account of separation and

subsequent incomplete recovery. These losses are called contraction losses.

If the entrance is round, the separation may not occurs the losses would be

mainly frictional and could be neglected nith respect to other losses in

the system.

In both cases the drop of the total pressure is obtained by multiplying

the dynamir, pressure in the smaller duct by 1he corre•ponding loss coeffici-.

ent. Total-pressure-loss coefficients K and K for contraction and

c ex
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expansion, are shown in the graphs of Yig. 2-20 and -21, respectively. The

values of K are theoretio-l (Ref. 46). The values of K are experi-

mental (Ref. 37); results of several investigators (Ref. 58 and 88) fall

below the values presented in Fig. 2-20 as much as 25 per cent in some in-

stances.

2-8 Diffusers

The purpose of a diffuser is to transform kinett, energy into pressure

when the air flows from a duct of small cross-sectional area to a region

of large cross section. Theoretically, we could immediaLely predict the

increase in pressure using Hernoulli's equation. However, the transition

introduces losses due. to wall separation, eddying motions, and friction.

The losses of a long diffuser of gentle taper are mainly due to friction.

In a short diffuser the walls may be so divergent that the conditions of

a sudden-expansion (Section 2-7) are approached. In practice an intermediate

configuration is nqeded.

The pressure drop of a diffuser depends upon the angle of expansion1

the inlet and discharge lengths, and the area ratio. Die characteristics

of some diffusers are summarized in the following sections.

Assuming an incompressible flow and uniform velocity distribution over
the cross section, the pressure drop of a diffuser may be obtained from the

following equation:

2(2-1o)

Thus, the tbtal-pressure loss is exopressed as a fraction of a dynamic pres-

sure based on the difference between the inlet and outlet velocities. The

total-pressure-loss-coefficoent factor C %sed in Eq. 2-10 is shown in the

graphs of Fig. 2-22 aind -23, which were obtained from Ref. 46.

2-8.1 Influence of the An!e of Expansion

It may be observed from Fig. 2-22 that the angle of expansion for

least loss falls in the range 6* to 8* for a conical diffuser, 60 for a
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diffuser with a square section throughout, and 11 for a rectangular dif-

fuser with one pair of walls diverging and one pair parallel. For angles

greater than I1, the pressure loss of a rectangular diffuser (two walls

diverging) is considerably less than that of a square diffuser (four walls

diverging).

In the range of the ang!A of expansion from 0' to 24e, the tac-

tor C is virtually indekpendent of the ratio of the outlet area to the

inlet area (AJAI). Figure 2-23 shows how the area ratio affects conical

diffusers of area ratio 4 and 9. The factor C reaches a maximum value

in the range from 60t, 70e and then gradually falls to the value of 1.0

corresponding to an abrupt expansion loss to an infinitely large area

(cf. Fig. 2-21). Obviously, small angles of expansion are desirable from

the viewpoint, of good design.

2-8.2 Influences of Inlets and Exits

The length of straight duct preceding the diffuser influences the

velocity distribution at the ?nlet.. The diffuser efficiency, decreases as

the inlet length increases because the boundary-layer thickness &t the

entrance becomes larger. A thick boundary layer (due to a long inlet
duct) will decrease the efficiency of the diffuser by about 7 per cent in

the range of 28 between 5 and 30 degrees. Hence, the diffuser

• should be placed into -the system as far upstream'as possible.. This also

has the advantage of decreasing the duct losses.

The discharge length following the diffuser improves the effici-

ency. According to Ref. 105, if a short length of duct precedes the dif-

fuser the discharge length shouild big about four times the maximum width

or diameter of the diffuser.. If a long di•ct is ahead of the diffuser, the

discharge length should be about six times the maximum width.

'The diffuser efficiency is the ratio of the static pressure increase
ta the change of dynamic pressure.
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2--8.3 Dessign for Large Area Ratio
In practice the length of the diffuser is often determined by

the amount of space available. Therefore, -Wen a large change of area

must occur in a short distance sone compromise must be reached and the

data presented above can be only a guide to the loss in the configuration

finally selected. One such conpromise is to diffuse the air partially and
to follow the diffuser with an abrupt expansion (Ref. 14).

Another method is to use a curved wall diffuser. The profile of.
Sa curved diffuser is shown in Fig. 2-2h. Reference 59 gives the following

equation for the coordinates of this profilet

oy [1 + • i,/ l = +" (2-li)

The tbtal-pressitre-loss-coefficient factor C of this diff user also is

given in Fig. 2424. Experiments performed by Gibson (Ref. J46) lead to the

concl.usion that the diffuser can be irproved most effectively by curving

the walls in the range of 2 fIrfom 15 to 30%.

2-0,.4 Design of Non-Circular Diffusers

A few data for non-circular diffusers are discussed in Section,

2-8.10 Where those data, are not applicable, Ref. 59 suggests the use of

a sccalled "equivalent conical diffuser" :which is a diffuser of circular.

cross section having the length. and the inlet and outlet areas oqual to

those of the non-circular diffuser, Berry' (Ref., 1-4) suggests a similar

method of treatment.

2-9 Oriflces

The distribution of air flow in double-skin passages is often con-

trolled by providing suitable outlet orifices at the end of the passages.

Reference 37 gives the following expression - obtain the diameter of an

orifice at the end of a tube for a required static-pressure loss and a

known weight rate of air flow:
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"F1 T •2ý 65,790 A1 Y7TTP7"P(

where Ko is the coefficient of discharge shown in Table 2-2; Al and A2

are the areas of the double-skin cross section and of the orifice, respec-

tively; [wJ = lb/hrj [ =b/ft3; DI = in.-water; and EAI]= ft 2 . For
convenience of calculation, the left-hand member of Eq. 2-12 is presented

as a function of A2 /A1 in Table 2-2.

TABLE 2-2 COEFFICIENTS CT DISCHARGE THROUGH 4ORMCES

0.,. 0.:2 0. 0 05 o.6 0.7 0.8 0.9
Eo. 0.604 0.612 o.625 o.643 o.666 o.695 0.730 0.770 0.850

1.005 1.02 1 .047 1.09 1.15 1.25 1.40 1.66 2o29

* K (2
, 0061 0.125 o.196 0.280 0.383 0.521 0.715 1.023 1.73

2-10 Exit 2peninas
The pressure lose of an outlet to the atmosphere depends upon the con-

figuration of the system, the position of the outlet relative to other plane

components, and the velocity of the free stream outside of the exit. The

main consideration in design of an air outlet should be given to the preven-
tion of flow separation outside of the outlet. Becker (Ref. 9) suggests

that the desired conditions for any outlet location are obtained by making
the streamlines of both internal and external flow parallel. Under this
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circumstance It may 'be assumed that the static pressure at the outlet is

equal to the free stream pressure near the outlet.

Results of experiments on several exits are presented in Ref. 109.

The tests were performed with main stream velocities of 40 and 80 miles

per hour, and the ccrrelati.ons of the pressure losses were virtually inde-

pendent of thcse velocities. Rogallo's graphs present pB/( TJU) as a
function of the dimensionless discharge ratio Q/(A Uo). The ordinates
in the graphs of Fig. 2-25, -26, and -27 are related to Rogallo's ordinates

by the equation,

&H HB -Ho P3

All static pressures are referred to p = 0 as datum. Thus, the total1 02
pressace of the free stream is H = • ýUo. Subscript B refers to the
position B in Fig. 2-27 and to the plenums in Fig. 2-25 and-26.

The reader may consult Ref. 109 for other types of outlets.

2-11 Branching Ducts

Henryý (Ref. 59) presents the sketch of the branched duct shown in
Fig. 2-28 and remarks that it illustrates the application of principles

of good design. It shows the diVision of the main stream, the diversion

of one stream, and the subdivision of the diverted stream. The dividers
have a blunt-nose airfoil shape as, for example, the shape of the NACA 0021.
airfoil. To attain best pqrformance of a divider, according to the author,
the direction of the flow should be normal to the entrances of branching

ducts. Further, he recommends that the cross-sectional areas of the
branches be proportioned as'nearly as possible to the rates'of flow.

Va~sonyi (Ref. 128), combining analytical and experimental results$,
has core'elated in a general way the pressure drop for the case of a duct

branching into two ducts as shown in Fig. 2-29 and for the case of two

ducts u-iiting into one duct as indicated in Fig. 2-30.
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2--11.1 Duct branching into Two Ducts

The total-prnssure-loss coefficient may be expressed by

H1- H1  2 , I
-1T-'- = ,\L+ (2r) - - 2 X2(0os miO o(

cU o

where the velocities are defined in Fig. 2-29 and c, a modified angle of

deflection, is a function of the geometric angle of deflection (%if The

quantities AI, X,, and o(I are shown in Fig. 2-31. and -32 as functions

of the angle m.

To facilitate the calculations, the right-hand member of Eq. 2-14

may be regarded as a function of o and UI/U0 . The pressure-loss may then

be obtained from

H - b H~ .Uo (2-15)

where Xb is given in Fig. 2-34.

Branch No. 2 may be treated in the same way.

2-11o2 Two Ducts uniting into One Duct

In this case, the relationship between pressure loss, flaid

velocities, And duct geometry can be represented' by the follovi g ýquationr

U + A )]+AU1 o (2-16)

The meaning of the symbols is shown in Fig. 2-30, the primed quantities

representing modified angles of deflection; • , .&, and A3 can be ob-

tained from Fig. 2-32 and -33 for known values of Q and b. If -

sjug/ft and CUJ ft/sec, then = lb/ft.

For specific experimental information about pressure losses in

various 90" and 45" Joints and for some discussion of Vazsonyi's work, the

reader may consult Ref. 76.
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2-12 Pressure Drop for Compressible Flow

In thin airfoils used for high-speed flightj the air conduits are

made small and in high-pressure systems velocities of the air in the ducts

may rise to values which require that the air flow in the ducts be con-

sidered compressible instead of incompressible.

2-12.1 Parametric Representation

To facilitate the evaluation of pressure losses for compressible

flow, a parametric representation is introduced in the manner given by

Mc~ann (Ref. 92)., It is assumed that the system is one-dimensional and

adiabatic. A total absolute temperature at the cross section 1 is defined.

U-I
TtotT 1 T. (2-N7)

p

where [T 1 =". [rUl ft/s6c, J = 778 ft lb/B, ap = 0.24 B/lb F, and
g = 32.17 ft/see. Because the flow is adiabatic, the total temperature

is constant. Introducing a Mach number,

M -U/a = U( g .RT) (2-18)

with v. =c /C and R= 53.3 ft/F, it may be shown that
p v

Tt = I • -lM2iB (2-19)

Also, after some calculations,

B +1 M2 V1 + I M 1 L
B + . + 11i _ f (2-20)

2 Y.kM 2 M1  2K 1

Defining

B + I MC • " 2 V . n ( 2 - -^ .

we obtain from Eq. 2-20

L - (2-22)
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where CM,1 r6presents an upstream condition and C a domnstream con-

ditton. It may be observed that, and •,I depend upon the reapective

values of the Mach number.

The equation for the rate of flow of air can be represented by

w 0.9192 A H Tto5 X (2-23)

where A is the cross-sectional. area of the duct, ft 2 j H is the total
2

pree,1ure, lb/ft 2 and

I (2-24)

is a dimensionless parameter computed using - = 1.4. To calculate the

rate of flow the following parameters are introduced-

FHi I~ i = o = •(2 -25 )

0

8 Tci totA .(2-26)

Subscript ± refers to any cross section. Equation 2-23 then becomes

4 85.45 Ai \I (2-27)

where ErwJ lb/sec.

2-12.2 Calcilation of the Pressure and Temperature Distributions in a

Oiven Duct with Known Initial Conditions

Consider two cross sections 1 and 2 of a duct with known geo-

metry and sizes. Station 1 is an upstream cross section where the static
1prAessurG, static temperatiure, and Mach number are knowm. Station 2 is

IFor known static temperature and velocity the Mach nimber can be
found using the graph of Fig. A-2.
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San arbitrary cross section downstream. We would like to determine the static

pressure, static temperaturo, and the Mach number at Station 2. A stepwlse

procedure for performing the calculations is presented below. In Steps 1

through 5 it is assumed that. the discharges through both cross sections are

equalj that is, the duct is uniform and no branching occurs.

1. Obtain from Fig. 2-35 and -36 the values of X1 ,0 i'l, (PVp) 1 , and

"Ttot/T)l. Then calculate H. . Observe that T = T
Ttot,l Ttot,2'

tep 2., Estimate the am of the pressure-loss coefficients including the

friction losses. This sam will be of the form,

Step2. Calculate CI,2 in the mannier suggested by Eq. 2-22, namely,

C1% 2 -= l - 2

Sep Using the value. of g2 from Step 3, find M12 and X2 from

rI ig. 2-.

Step 5. nth this value of X calculate H2 by means of the following

equation, which is a peneral relationshipP

step 6. If the cross-sectional areas of Stations 1 and 2 differ, the

following adjustment must be made: The values of a2 and Mi2 , found

in Steps 3 and 4 should now be regarded as fictitious; however) they are
still useful and, in fact, the total pressure H is not changed from
the Value given by Eq. 2-29. The true value 2 is obtained by the

relationship1

,A1
2 2 A- (2-30)

A2

where A denotes the cross-sectional area. Returning to Fig. 2-35 with
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we obtain the true value1 of the Mach number. Also, cn,.2 Onbe found

for use in calculations on the distribution between Stations 2 and 3.

Step 7. With M., entcr Fig. 2-36 and obtain the ratios (H/p) 2  and

(Ttot/T)2 •

St_. Calculate the static pressure and static temperature from the

results of Steps 1, 5j and 7.

_e__9. The discharge w may be conveniently calculated by means of

Eq. 2-23 as a check on the calculations. Having found all conditions at

Station 2, the same proceduro may be repeated to arrive at the ounditions

6f Section 3, and so. forth.

It may be observed that the assumption of the upstream value of

the Ma ch number determines all' other downstream conditions. In particular,

the ratio H1/H 2 is determined. By several assumptions for values of Ml,

a graphical representation of total-pressure ratios and rates of flow may

be obtained. In this way the systam may be analyzed in all details. For

example, the discharge of the duct system, operating in conjunction with a

compressor of known performance and discharging to a known static pressure,

can be determined..

Figures.2-35 and -36 have been obtained from the tables of Refo 92,

which may be consulted if greater accuracy is desired. The author remarks

that experimental results and predictions, based on the method presented

are in good agreement, the maximum deviati6n being about 3 per cent.

Using other types of graphs, Thomson (Ref. 123) also presented

a solution of this problem. The methods of both Ref. 92 and Ref. 123 seem

equally. atisfactory from the viewpoint of computations.

If the true Mach number lies below 0.3, it may be assumed for most

practical purposes that the velocity of the systeai is decreased to a point
where the flow may be considered as incompressible.
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2-i3 Pressure Drop in a_ Duct -ith Heat Transfer

Where heat is being transferred, on walls of a duct system, the air

properties may change considerably. The temperature changes affect the

density, thus causing varia',ions of dynamic head in addition to the usual

variations caused by non-uniform cross sections. Further, the frictional

and fitti ng losses, which depend upon the dynamic pressure and viscoOity,

also are altered from the values thit would occur iif there were no heat

transfer.

An approximative method to cýaldulate the pressure distribution in a

duct with heat transfer is p1esented by Boelter, Morrin, .Martinelli, and

Poppendiek (Ref. 17) and Martinelli, Weinberg, Morrin, and Poelter (Ref.

90). In two cases, the authors find differences of ? and 27 per cent

between experi'mental and predicted pressure drops. These differences are

allowable for most practical calculations. A summary of the method used

by the authors is presented in the next sections. The reader is also rC

ferred to Halal's (Ref. 53) chapter on diabatic flow.

2-13.1 Distribution of Total Pressure in a Dict with Heat Transfer and

with Prictional and Fitting Losses

The differential of the total pressure for one-dimensional flow
is

d:= d + u.d (2-31?)

If there were no losses, this quantity Would be zero, Bernoulli's equation
would be obtained, and the total pvite wc.;ild b. constant along the du t.

However, when losses occur, an additional term must be added to the right

member, and the change 'of total pressure between any two cross sections,

Stations 1 and 2, is found by integlating dH with the result that

2 2

dp + f U dU 1F,2 (2-32)

1 1.

1 Velocities, temperatures, and all other Properties of the fluid are
assuned to be uniform at ea.ch cross section.
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The quantity FI represents the sum of all frictional and fitting
losses between Stations 1 and 2; it is positive and it& tmits are

lb/ft 2 . Performing the integration of the first term, replacing the

density in slug/ft 3 in terms of the specific volume ( gv 1), and

eliminating the velocity from Eq. 2-32 and the equation of continuity, the

following expression for the drop of static pressure is obtained:
2-w 2

PI P2;:m•

The evaluation of each term in the right member is considered in the next

two sections.

2-13.2 Evaluation of the Losses F

1 2

The sum of the total-pressure losses F1, 2 will be found by ap-

plying a correction to the value of the losses in the duct for -he case

that the flow is isothermal and incompressible.

Letting (Fl2)1.8o be the sum of the losses for the case of iso-

thermal, incompressible flow and, using certain simplifying assumptions,

Martinelli, et al (Ref. 90) ha-e shown that

F1 2  n T1 +T 2 )0113 l +v2
-- - (2-3 4 )1F,2 Piso oso 2 iso

The isothermal losses are of the form,

2 2 2

2 2

or.

S2 2•iso W•) L 1
(F- f (P-36)

The temperature Tiso is arbitrary. If both Tl and T 2  are

known, then the choice Tiso equal tu their arithmetic mean will siaiplify

the calculation. Usually, T2  is unknown but nan be estimated from the
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heat balance. In a few trialsi or by graphical solution, values of w and

T 2 can r-e found to satisfy the pressure-drop and the heat-transfer equations.

The specific volumes in Eq. 2-34 can be calculated using corre-

sponding temperatures and pressures by means of the relationship of state

p • v= RT (2-37)

TTIuAl1y, the rAlative charges of absolute presmirc are small, and in a first

approximatloni. the pressure may be assumed uliform at the value p, in
order to ca2cul.ate vl, vt2 , and vio. After the first approxLmation of

p has been found the calculation may be repeated if greater accuracy is

desired.

The exponent n lies between 1.75 and 2.00. If the losses are

predominantly frictional, the exponent lies close to 1.75 and if caused

mainly by fittings it lies near 2.00. The value may be established from

a bilogarithmic plot of (Fl 1 2 )iso versus wiso. The points can be found

-by calculatio or, if possible, by experimentation. Since Wise is arbi-
trary) itvil~l be convenient for types of calculation in YAich w is known

to Place.eden =w wn then the relationship between F1 , 2  and (F )is,

is indeper1dent of n.

22-13v3 Evaluation of JlA 2A3

In many oases the fire+ term in the right number'of Eq. 2-33 is
small -compared with the: second and may be neglected. In other cases it may

be evaluated by making certain simplifying assumptions.

For example$ in the most common case, nam-ely, isothermal flow
with non-uliform cross-sectional area, the integral becomes

S)(2-38)

If' the temperature difference T - T is small, a mean specific

volume vm may be used in the approximation)
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Ar~ (2 .39)

If the cross-sectional area is unifonut,

1
J1, 2 -- (v2 -VI•) (-

A

If the cross-sectional area is nearly uniform a mean Value A.

may be used in the approximationo

"1,2 - (2- 4t1)

2-13.. Pressure Drop across a !,'at Exchanger in a Uniform .Duct

Kays (Ref. 70) and Kays and London (Ref. 71) have presented

numerous data for heat exchanger coresi The crossý-sectional, area of the

duct Ad leading to the cores is equal to the area of the duct leading

away; that is, the fronthal area is uniform. Summing the contraction,

frictional, and expansion losses' assuming, that the change of preosure is

small'relatively to the absolute pressure, and simplifying, the change of

static pressure across such a configuration is

* •PlP. g• a +.••,K )÷( Ad4)(..'•l +f D.•i (2-I42)

, where 0 is the weight rate of' flow per unit area in. the core in lb/sec ftSj

De is the equivalent diameter of a passageway of the core in ft; Ac is the
0ree2flow cross-sectional area of the acre in ft ind

T2 4- T1

In Eq. 2-•3 Ts is a mean Surface tarnperature and hU is the over-all
SI

coefficient of[ heat transfer..

•The quantity in the denominator is a sort of Stanton number. Usually
it is called the number of transfer units, and in many places is fond im-
properly denoted by the symbol NTU.
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Values of K0 , Ke, and f are presented for particular heat ex-

changer cores in Ref. 70 as functions of A/Ad and a Reynolds number.

imowever, Eq. 2-42 is quite general and could be used in other similar cases

if the va2ues of the coefficients are known. In particular, it is believed

that this equation may be found useful for double-skin heat exchangers

1) if values of K and Kc could be well established.( Ad eIxfvluso n

2-14 Pipes in Series and Parallel

Two or more pipes of different diameters or roughnesses connected so

that the discharge from one flows into another are. said to be in series.

Two or more pipes having inlets and outlets in common headers or plenums

are said to be inparallel. Double-skinpassages in a single bay may be

considered as parallel passages. But two groups of doubble-skin passages

at different spanWise positions may not be in parallel because a drop of

pressure occurs in'the supply duct or the distribution duct.

In pipes connected in series the same fluid flows through all the

pipes and the pressure losses are cumulative; in parallel) arrangements the

losses over any member from one junction to another are-equal, and the dis-

charges are cumulative.

In dealing With combinations of systems of pipes in series and parallel

or inter-connected systems, it. is often convenient to reduce complex members

of the system to equivalent elements. Some methods to perform such simpli-

fications are treated in the next two sections.

2- Equivalent Lnth

Losses due to fittings are somat'.mos" conveniently expressed in terms

of an equivalent length L of a pipe that has equal pressure energy loss

for the same weight rate of flow as in the fittings. hiExressing the fitting
losses as a percentage of the kinetic energy, and equating them to the

frictional losses of a pipe of length Les

U2  Le U2
K ~(2-U4)
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whers K is the sum of all pressure-loss coefficients (except those'of

friction). Solving for L,

L = (2-IL)

2-16 Pipes in Series

A compleX system of pipes and fittin-s in series may be replaced by a

so-called "equivalent pipe", which would have the same pressure drop and

discharge as the given system.. in some cases it is advantageous to use

Eq.. 2-45 and -46. Contsider, for instance, Pipes 1 And 2 (diameters nl,

D2, and lengths L1 , L2 ) connected in series. The sum of the fitting losses

for each pipe may be expressed in the form of an equivalent length L

and L by means of Eq. 2-45. In this way the system is reduced to ae j,2 ,I L

series of two pipes of adjusted lengths L 9 L + Le andL L L- Le 2

without fitting losses.

0 Further simplification may be obtained by expressing, for example, the

adjusted length L 2 of Pipe 2 in terms of a fictitious length of Pipe 1.

This fictitious length having the same discharge and pressure drop as

Pipe 2 is

L (2-4.6)

The fictitious pipe of total length L1 + L and of diameter D is

equivalent to the system comprised of Pipes I and 2, including their fitting

losses. Subsequent calculations can be made using the equivalent pipe.

A series of more than two components can be treated in the same way.

2-17 Parallel Pipes

The following steps lead to the solution of the distribution of flow

and pressure losses for a given total rate of flow w through a systeai of

parallel pipes, Pipe 1, Pipe 2, etc.

Step.1. For a first approximation assume a discharge w(1) through Pipe 1.

WADC TR 5-31j 73



Step22 . Solve for the loss of total pressure AH using the assumed dis-

charge Wl() 1)

Ste_ . Using AH find 2  , w3 , .... If the assumption of w is

correct, the sum of w1  and other calcul!ated values, namely, w1()

wl) .. , must be equal to w. If this condition is satisfied, the cal-

culation may be concluded with Step 3. However, if the sum,

2 4. *÷.. is not equal to w, the calculaton must be con-

tinued as indicated in Steps 4 and 5.

Stip h. Assume that the given flow w is divided among the pipes in the

Ssexe proportion as 2- ), * ... thus, the second approximations are

obtained:

(1) 2(l
(2) W Wi(, (2-47)

Step 5, Check the values of w(2) - ...w. to see whether they satisfy

the condition,

LH H .. (2-48)

If the results of. he first and second approximations are nearly equal,

this check is unnecessary.

2-18 pressure Losses in Double-Skin Passages

Passing through the double-skin heaters, the hot air encounters the

resistance due to friction In the passages and abrupt changes at the in,-

lets and exits, The resistance is also influenced by the curvature of the
passageways. The conplexity of the shapes of double-skin heaters and their

odd orientation with respect to the flow have made prediction of their

pressure losses diff J- _±t. The main reason seems to be that the available
literature on entrance effects deals with flow conditions which are not

accurately representative of those encountered in an anti-icing system.
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Neel (Ref. 98) using the data shown in Ref. 16, presents the follow.-

ing equation for the sum of the coefficients o' total-pressure drop in

the double-skin gaps,

fcý
K0 = K+ f0 L (2-119)

Erploying xi = 0.75, as suggested in Ref. 16, Neel calculated the friction
factor. fG shown in Fig. 2-37. The values of f are not in agreement

with the Values of f in Fig. 2-1. The reason my be that the value of

K has been taken to be a constant independent of the georetry and the

Reynolds number of the flow in the gaps.

When Kd is Ovaluated by msans of Eq. 2-49, it is used in the follow-
ing equation to obtain th6 loss of static pressure betveen a point in the

plenum and a point at the end of the passage:

I1.2
ap X U(2-50)

where U is the Mean velocity in the paosages. If an orifice is at the

exit, its contribution to the pressure loss should be added. It may be
......... found convenient to obtain the presdure drop in terms of the weight rate

T of floW in pounds per hour per foot span:

2
p1C;W (2-51)

(A')
12w 3

where l/ft isthe an specific weight of air in lb/ft3

A' is the cross-sectional area of the passages in square feet per foot

span; [wt•- lb/hr ft; and g'= 32.17 ft/sec2 .

According to Neel (Ref. 98), Eq. 2-49 and -50 may be used equally as

wall whether heat transfer is occurring or not. Further, the author is of

the opinion that even though the estimate of f is based only on a par-
ticular type of corrugated double-skin, the values may be generally applied.
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Chapter 3: WATER MKNGOENT ON AIRFOILS

3-1 Droplet Trajectories

The interception of cloud droplets by an airfoil depends upon the

physical configuration of the airfoil, the iLlight conditions, and the

inertia of the cloud droplets. In order to obtain the rate and extent of

the droplet impingement on the airfoil, the droplet trajectories wlth re-

spect to the airfoil must be determined. Some trajectories intersect the

surface; others miss the surface. Only the trajectories lying between those

which are tangent to the upper and lower surfaces are effective during the

collection process.

3-1.1 Fundamental Differential Equations

To set up the differential equations that describe the droplet

motion in a two-dimensional flow field, the following simplifying assump-

tions are used:

(1) The droplets are always spherical and do not change size.

* (2) No gravitational force acts on the droplets.

The first assumption is valid for the order of accuracy usually

req4red- in theesign ofu t-,ýn•-in- equipment.. The second assumption is

reasonable because the inertia force of the droplets is much greater than

the gravitational force.

The drag force of a spherical drop of radius a moving in air

FD 2 1, D eld:

The quantity CD is the drag coefficient whLch depends upon the Reynotds

number

NRS~d(3-2)

where U and v are the vector velocities of the air and droplet,
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rewpectively. These velocities are measured in a coordinate system fixed

in the airfoil. The air velocity Z is taken to be that of the potential

field of an ideal, incompressible fluid. One method to calculate Z is

sxarized in Ref. 23. In a rectangular coordinate system the eqiations

of motion of a water droplet without the influence of gravity are

Sdv~ C~Re K. (a3 dV D R

SITa PW - -v-a-- (U a{u -(3-3) (3-4

where subscripts x and y refer to the coi!.ponents in the x and y di-
rections, respectively. Dividing all velocities by the mainstream telooity

U0  and ewploying the dimensionless time ratio -t(U/L) -c, Eq. 3-3 and

-7 assume the dimensionless form

dt- ... .y (3-6)

where

dvx

D +

and ad

The ,_pace coordintes of ,q. 35 and -6 are ) x/L and y÷ y/L. The

dimensionless quantity K is called the inertia parameuter.

The Reynolds nm~ber N'Re d can be obtained conveniently in terms
of the free stream Reynolds nimber,

2a •o Uo

0 I"0
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by muan. of the relationship,
S 2

'= 2 + 2 2

NR,d/

The drag coefficient CD in Eq. 3-5 and -6 is customarily obtained from

Table 3-1 taken from Ref. 81 and based upon previous experimental data for

large spheres in steady-state conditions. However, Morton (Aef. 97) points

out that these values my be inaccurate for small spheres.

A solution of Eq. 3-5 and -6 gives the trajectory of a droplet.

Several solutions are required to obtain the ratep area, and distribution

of the iter impingnment. It is seen from these equations and the defi-

nition of K that', for a given shape, size, and angle of attack of the

airfoil, the trajectories depend on the radius of droplets, the free stream

velocity, the air visaosity, and the air density as first-order variables,

3-1.2 Water Impingement Paraireters

The following relations are convenient for evaluation of the di-

mnsionless parameters' K and N

XK= l.963 1 i01 DdUO (3-10): •L
-6d Po Uo

"R = 5.545• 10 e0  (3-1)

= D 7.1a 105 / L (3-12)Dd

/o = Ton(3-13)

where D~ microns; [U knot~s, lgf se L t

slug/ft••p•- [ =in.-mercury; and [To *R. Based upon these relations,

Fi 3-1 and -2 wre prepared for the rapid determination of the parameters

K and N~e,d, respectively;b for 150F icing atmosphere. The value of
K-I is independent of the pressure and is dependent on temperature mainly
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TABLE 3- i

VALUES OF CD.NRO,d/ 24 AND X /;S AS FUNCTIONS OF NRi,d

/ d NR@ d/241 /- NRe. d CD d/ 2 R@d/

0.00 1.00 1.00 200 6.52 0. 2668

C.05 1.009 0.9956 250 7.38 0.2424

0.1 1.018 0.9911 300 8.26 0. 2231

0.2 1.017 0.9832 350 9.00 0. 2080

0.4 1.073 0.9652 400 9.82 0. 1953

0.6 1.103 0.91193 500 .11.456 0, 1752

0.8 i. 142 0.9•42 600 12.97 0. 1597

1.0 1,176 0.9200 800 15.M1 0.1375
1.2 1. 20 1 0.9068. 1000 18.62 0. 1215

1.4 A .225 0.8950 1200 21.3 0. 1097

1.6 1.248 0.8842 1400 24.0 0. 1003
18 1.,267 0. 8744, 1600 26.9 6.0927

2,.0 1,09 . 8653 1800 29.8 0. 0863

2,.5 1.532 0.84152 2000 32.7 ,0 8099

3.0 1.174 0.8273 2500 40. 0. 07U3

3.5 1.412 0.8120 3000 47.8 0.0624

4.00 1.647 0. 7978 3500 55.6 0.0562

5.0 1.513 0. 7734 6000 A,3.7 0.0 51

6,0 1. 572 0.7527 5000 80.0 0.0m1.9

8.0 1,678 0.718.5 6000 96.8 0.0385

'10 1.782 0.6905 8000 130.6 0.0311
12 1.901 0.660 10000 166. 0.0242

1f 2.009 0 .66.40, 12000 204

i, 2.109 0. 622 11000 263

18 2.198 0. 6065 16000 285

20 2.291 0.5904 18000 325

25 2.489 0.5562 R0000 365

)0 2.673 0.5281 25000 470

35 2.851 0. ý505 00oo0 576

0 , 3.013 0.4840 35000 674

50 ,.327 0.4509 40000 778

60 9.60 0.4237 50000 980

so U. it 0O 3829 60000 1175

100 0.59 O.352U 80000 1552

120 5.01 0.3285 1.0. 105 1905

11 105.40 0.3090 1.2. 105 2236

160 5. 7A b. ?928 1. 1. t0p 2549

180 6.16 0.2789 1.6. 105 2851
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through the temperature dependency of the viscosity; therefore, the values

of K in Fig. 3-1 nay be employed for most practical purposes. The

Reynolds number depends upon the pressure and the temperature. The pres-

sure used to calculate the air density was taken from tables of the NACA

Standard Atmosphere, part of which is reproduced as Table A-1 in the append-

dix; the viscosity, depe4ndent only upon the temperature, was evaluated for

15F air.

Two other useful dimensionless parameters are, in consistent

engineering units,

s9 .- Po L (314)

and

Charts for their evaluation are presented in Fig. 3-3 and -4; both charts

are for 15F icing atmosphere and practical units are used on the coordi-

nates.

Any two of the parameters Kl, Ned, X and 6, will complately

. determine the rate of water catch and the region of impingement on a given

airfoil, provided that !flight and icing conditions are known. Further, the

four parameters are simply related$ in a way such that if any tt are. known

the other two can be derived. Thus:

Re,d =K • (3-16)

N~d ~4 =(3-17)

These equations are represented graphically by the crie•-cross chart of

Fig. 3-5. This chart may be found useful for pirformance studies,

(1) Generally, a wing will have variable chord length. To study

the water catch at several sections of a wing flying at speed Uo through
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droplets of size Dd at a fixed altitude, follow, or make calculations for

several points on, a horizontal line (NRed = constant), which is independent

of the chord length.

(2) A certain cross section of a wing is to be studied for vari-

ous flight speeds at a fixed altitude. Follow a vertical line (V = con-

stant), which is indepeiAdent of the speed. Results will be applicable for

a fixed drop size; also, the same results can be applied of the ratio L/Dd

is fixed and the altitude has not changed, To study another chord length,

vse another vertical line.

(3) Similarly, to study the influence of variable drop size on

a given airfoil section, follow a line of constant V, which will be fixed

for a given speed and altitude.

(4) Finally, when the influence of altitude is to be studied, all
other qua.tities being fixed, a line of constant K-1 may be followed for

most practical purposes.

The criss-cross chart is easily constructed on a sheet of biloga-

rithmic paper, and any region of particular interest can be constructed on

a large scale so that the designer can achieve as much accuracy as he would

like.

3-1.3 Solutions of the Trajectory Problem

After the parameters K and NRed are determined, the solution

of Eq. 3-5 and -6 can be effected by any of the following methods:

(1) Numerical integration; e.g., Ref. 11, 12, 68, and 79.

(2) Mechanical analog; e.g., Ref. 23 and 24.

(3) Differential analyzer.

(a) Bush type: e.g., Ref. 13, 50, 51, and 81.

(b) Reeves type; e.g., Ref. 126.
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Dig) igital computer; eg., Ref. 28.

(G) Graphical methodl e.g., Ref. 21.

(6) Experimental methods; e.g., Ref. 22 and 97.

Of these methods, No, 2 and 3a seem to give the most dependable

results so far. Method 3b s~iows promise ce giving results most rapidly,

because the velocity flow field is built into the calculation system and

need not be calculated independently.

3-2 Summary of Available Solutions for Airfoils

Trajectory data for the circular cylinder are presented In Ref. 81.

The method of employing-an #'equivalent cylinder" to predict the impinge-

ment on airfoils, as ,:suggeated in Ref. 127, has been found to be a fair

approximation only for certain thiok Joukowski airfoils, and to be un-

satisfactory for low-drag airfoils. Therefore, the trajectory data for

cylinders are omitted and only data for airfoils are presented. Some so-

lutions for airfoils are listed belowt

Airfoil Shape Reference Remarks

Airfoil L7 Stokes ' law regime

Joukowski symmetrical 1$ per cent 5O, 51 0", 2', 4" angle Of attack

Joukowskl cambered, 15 per cent
thick 0O angle of attack

NACA 65 2-015 51 O' angle of.. Attack

NACA 662-X, 16 per cent 79 2.54 angle of attack

Arbitrary airfoil 11 Graphical, hased on data of
Joukowski airfoils

Joukowski symmetrical 12 per cent 12 0 angle of attack

NACA 651-212 23 Ve angle of attack

NA CA 65.-208 23 44 angle of attack

NACA 6cA0oo 24 h, 4 8 angle of attack.

NACA 0OO 6- 6h'( 6 per cent) 102 O, 40 angle of attack

NAGA IS (50) 002-(50)O02 D-* ouble wedge, 0, 5%, 10
-. angle of attack

*The calculations were performed by Research, Incorporated, of Minnea-
polis, Minnesota. The data were received in a communication from Aeronauti-
cal Icing Research Laboratories, Ypsilanti, Michigan.
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Airfoil Shape Reference Remarko

NACA 65Aoo5 0', 5%, 10 angle of attack
NACA 65AOO6 10aCA 6OAo0L 0:, 400 Dmiles per hour;
NACA 65AOO307 r8 700 miles per hour

Swept wings 35

Supersonic wedge 125

Supersonic wedge and diamond
airfoils 118

The trajectory data for several of these airfoils are presented in the

next sections.

3-3 Total Rate or Water Impingement

The amount of water impinging on an airfoil per unit time per unit

span is equal to the effective volume that the airfoil sweeps thmough in

unit time multiplied by the mass of liquid water contained in unit volume

of the atmosphere. In consistent units,

U0 -.o,u Yo ,1 I , (3-18)

Using practical flight units,

N,- - 0.379 uo Low. Iu (.0..19)

where W = rate of water catch per unit span, lb/hr ft -,span

You - = y- coordinates for upper and lower tanfrent trajectories

at x=- co, ft

U0 = air speed, knots

LO liquid water content, g/cu m

*The calculations were perfomcd by Recearch, Incorporated, of Minnea-

polis, Yinwsota. The data were rLeceived in a communication from Aororauti-
cal Icing Research Laboratories, Ypsilanti, Yichigan.
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3-3.1 Total Collection Efficiency
Results of the trajectory data may be correlated to a "total

collection efficiency" defined as the ratio of the amount of water inter-

cepted by the airfoil to the amount of water contained in the voltme of

cloud swept out by the airfoil when at zero geometric angle of attack.

Thus,

{Yo u-YC IE= (3-20)
7"Max

where (Ay) is the airfoil thickness. It follows from this definition

that E may be greater than unity for values of the angle of attack aM
other than zero.v Equation 3-19 1r1a 40w be written,

W 0.379 U0  w • (AY)mO E (3-21)

A typical graph of Em versus V1 with NRepd as parameter

is shown in Fig. 3-6. It is for the water. impingement on the NACA 0064-64

(6 per cent) airfoil. The caloulations were performed by Lenherr and

Thomson (Ref. 102).

Brun, Gallagher, and Vogt (Ref. 23 and 24) present curves of

bYo~u - yo0  1./ L versus x- with NRed asparameter for the
NACA 651 -208, 651-212, and 65A004 airfoils. Their, data apply in the fol-

lowing rangb of variables:

Variable Range

Droplet diameter Dd 5 to 100 microns
Speed Uo0  150 mph to flight critical Mach number
Altitude 1,000 to 35,000 ft

Chord length L 2 to 20 ft

Angle of attackI 1 &

In Ref. 25 the authors give data for the NACA 65AO04 airfuil at 8*
anr4le of attack. That material came too late to be included In the present
manual.
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Dividing the ordinates of their curves for the NACA 651 -208 air-

foil by (ay)m/L = 0.08, we have translated the curves to the positions

shown in Fig, 3-7 where the total collection efficiency Em is plotted

against Kr- with NRed as paramter. The line for NRe,d = 150 was

added after cross plotting the original curves. Similar figures could be

constructed for the other two airfoils by translating the authors' curves.

A generalization of this work will be found in Section 3-3.2.

Results of calculations by Research, Incorporated, on the NACA

lS(50)002-(50)002 double wedge and on the NACA 65A005 airfoil are presented

in.Fig. 3-8 and -9, respectively. The collection efficiency Em is given

as . function of K with _NRed as parameter. The coordinates of the

donble vedge surface are presented in Table 3-2. The data used to con-

struct Fig. 3-8 and -9 are presented in Table 3-3.

Table 3-2 DIMENSIONLESS COODINATES OF THE NACA IS(50)002-(50)002

DOUHLE WEDGE

X L

0.0 0.000 0.5 0.02o
ý0.I 0,004. 0.6 0,016

0.2 0.008 0.7 0.012

0.3 0412 0.8 0.008
0.4 m.016 0.9 0.,004

0.5 0.o020 1.0 0.000

Armour Research Foundation of Illinois LTStitute of Technology

(Ref. 28) carried out calci-lations to determine the total collection ef-

ficiency of three thin airfoils for specific icing and flight conditions.

The calculations were performed on the basis that the potential flow around

each airfoil could be well represented by the potential flow around an

ellipse that would approximate a najor part of the airfoil. The results

are shown in Table 3-4. The values of K and NRed corresponding to

the assumed conditions are shown in the last two columns.
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T,,blo 3-3 WATER DROPLET TRAJGCT•RY DATA oBTAINmD wilm ANALOG m3uOT1

IOR NACA 1s(50)0o2-(5o)oo2 DMME IMCM ARD iacA 65wo5,
AIRFOIL

NACA ls(50)0O2-(50)oo0 mack 65AooS

Yok-71 ay7oU-7021 5'tm N ,d K L :o2- T Cc oR- sd K L

0* 0 0.333 0.0220 0.500 00 0 0.100 0.019 0.068
0 0.167 0.0128 o.0O0 0 0.025 0.0103 0.024
0 0.100 0.0092 06500 0 0.010 0.0075 0.0089
0 0.033 0.0056 0.500

250 0.333 0.0175 0.500 250 o.167 0.0165 0.0525
250 0.167 0,0096 0.500 250 0.021 0.0051 0.0092
250 O.1OO 0.0058 0.50o 250 0.oo83 0,0oo40 o.oo52
450 0.333 0.01140 0.500 450 0.167 0.01a5 0.040545b 0.167 0.0067 0.500 450 0.0416 0.00$0 0.0100450 o.028 0.00o40 0.0065

5. 0 0.100 0.038 0.0275 5" 0 0.167 0.047 0.310
0 0.050 0.027, 0,020 0 0.o0416 0.025 0.102
0 0.010 0.0125 0.008 0 0.0167 0.014 0.,042
0 0.0026 0.OO65 0.0032

80 0,100 0.0315 0.0225
80 0.025 0.0170 0.0115

250 0.333 :0,49 0.035 250 0.167 0.0375 0.240
250 O.lOO o.0255 o.o18 250 0.100 o.o285 o.155
25o 0.050 0.020 - 25o 0.025 0.013.2 0.007
1450 0.333 "oo07 0.029 450 0.167 0.0240 0.155
450 O.lOO 0.o2o5 - 450 o.0oo o.0230 0.1214
1450 0,050 0.0155 o0oo085 450 0.025 0.0070 0.033

I00 0 0.167 0.103 - .10" 0 0.100 0.060 0.,215
0 0.100 0.072 -o 0 0.050 0.050 0.165
0 5,0•o 0.049 0,260 0 0.025 0.029 0.006
0 o.Oio 0.029 - 0 0.010 0.015 0.0023
0 0.0026. 0o020 .008

80 0.00833 0.048 --

8o 0.025 0.030 -

250 0.333 ,0.092 0.420
250 0.167 o..0142 -

450 0.667 0.105 0.450: 450 0.100 0.010 0.115
450 0.333 0.067 ;.- 450 0.025 0.016 0.037
1450 0.167 0.049 0.245
45o o.o14 o.o2o -
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Table 3-4 TOTAL COLLECTION EFICIENCY ON THREE THIN AIRFOILS

IN SPECIFIC ICING CONDITIONS* (Ref. 28)

MaJor
Axis of Velo-

NACA Airfoil Equiva- city Angle Effici- Impinge- Inertial Droplet
Airfoil Chord lent U0  of ency of mert_ Para- Reynolds
Section Length Ellipse Attack Catch Limit meter Number

(ft) (ft) (mph) (deg) (f•t) N •e,d

65A006 20 18 4oo 0 0.063 0.130 0.022 99

65A00475 11.5 10.35 400 0 0 .11 Q-134 O.038 99
65A0035 3 2. hO0 0 0.29 0.220 o.147 99

:65A006 20 18 700 .4 0.16 1.1 0.03$6 172

65Aoo475 11.5 10.35 700 4 O, 9 0.067 172

65A0035 3 2.7 700 1 0.95 1.0 O.257 172

*All results are for icing conditions of 20,000 ft pressure altitude,

15 mlicron droplots, and 15*F air temperature. For !s anglea of attack, the
limit of impingement only on the ler surface is given.
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3-3.2 Generalization of the Total Collection Efficiency

In a graph cf Sm vqrsus K with NRe d as parameter, it is

quite often necessary to interpolate in Nied* Further, it is difficult

to reprebent more than one airfoil at one angle of attack with such a

graph and many pages of graphs must be employed for each airfoil. If

Stokes' law of drag on a sphere could be used, the quantity _CN'e2d/4 in

Sq. 3-5 and -6 would be identically unityý a correlation would be independent

of NRedj and interpolation would be unnecessary. This idea has led to

the use of a kind of average inertia parameter to bring lines representing

water impingement data olbser together.

According to the procedure of Sherman, Klein, and Tribus (Ref. 120)

the collection efficiency curves of the above airfoils for various droplet

Reynolds numbers may be brought closer together by using the average inertia

parameter

K-s • K (3-22)
s

where

-24 _ di~ (3-23)

The symbol r is a dummy variable, representing the Reynolds number in

Table 3-1 Physically, As/A is an average value of 0 NRe 24 for

a drop projected into still air) since is the distance the drop

would travel if projected into still air with velocity U0 when the drag

force obeys Stokest law, while A is the distance the drop would travel

if projected into still air. with velocity U° when the drag coefficient
0

follows the experimental values given in Table 3-).

Figure 3-11 is a graph of E versus curve for the NACA
m SUS.K uv orteN

65,-208 airfoil. The curves are replotted from the graph of Fig. 3-7. The
single dash-dot curve is drayn through the triLhmetic averages. It corre-

lates values for Reynolds numbers from .16 to 1024 within about 10 per

cent. Similar curves are shown in Fig. 3-10 and -12 for the NACA 65AO00

MX L. .",H
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and 651-212 airfoils, respectively. Lenherr and Thompson (Ref. 102) have

presented the aforementioned collection efficiency of the NACA 0006-64

airfoil in the same way with similar success.

Guibert, et al (Ref. 50 and 51), plotted Z against • with
m

NFed as parameter. Their data are applicable in the following range of

variablesi

Variable Range

Droplet diameter D 20 to 1O0 microns

.9p eed U I00 to 400 mph

Altitude Sea level to 20,000 ft
SChord length L 0.25 to 30 ft

Sherman, Klein, and Tribus (Ref. 120), employing their transformation,

geneoralized this work. Average single curves for the 15 per cent thick

Joukowski airfoil at various, angles of attack and camber are plotted together

in Fig- 3-13,

Trihue (Ref. 124) refers to a study by Droll dnd Valentine, who

have plotted. the collection efficiency curves of various airfoils in yet

another fashiont % 7 veo'sus V1 with N as parameter. For values

of 'V less than 100 they brotuht the availAble, data close together.

For values of .i/ larger than l00, however, the parameter NRe d plays

a significant role.

A graph of Ek v versus ' has an advantage in dealing with a
tapered wing* f uniform per cent thickness, because. each coordinate is

independent of the velocity and (f rorm Eq. 3-14, -18, and -20))

Rw w (Ymax u]
L_ * Uo . (3-214)

where the quantity in brackets i s a constant for this type of wing in given

flight and icing conditions. Of course, it is supposed that the taper is

small enough so that two-dimensional flow satisfactorily approidmates the

actual flow.
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3-:3 3 Dimensiora. Charts of Water minement Data

For practical calculations it is more conv6nient to employ dA-

menelonal charts, particularly when lengthy analyses are necessary. These

charts can be constructed from the dimensionless graphs presented in the

previous sections. Typical charts are shown in Fig. 3-14 to -19 for the

NACA 65A00i, 651 -20 8 , and 65,7212 airfoils at 10,000 and 20,000 ft pressure-
altitude. In constructing these charts, the air temperature was aasumed

to be 15*F and the mean effective droplet size 20 microns diameter. Other

similar charts based on the most probable icing temperature of Fig. A-I are

presented in Ref. 23 and 26 for the same airfoils. Similar kinds of charts

for other airfoils can be constructed as individual needs ariseo

3-4. Area of Impingement
Knowledge of the area of impingement per unit span is needed to deter-

mine how far back the double-skin heater should extend. Also, it will be

required in some calculations of Chapters 5 and 6.

The trajectories tangent to the airfoil surface separate all trajectories

into those that aiae deflected away from the surface before reaching it and
those that intersect the surface. Thepoints of tangency determine the.

area of ipip~ngement. This area depends upon tho largest droplet size; for
simplicity, the discussion is limited here t6 droplets of uniform size.

The length su and sI will denote the profile ditances of impinge-

ment from the geometric leading edge of the airfoil on the upper and lower

surfaces, respectively. The ratios of these distances to the chord length

are dependent on any two of the impingement parameters K-1 , NResd,

and $.

The r.cults cf Gulbert et al (Ref. 50 and 51) cover Joukowski airfoils

at various angles of attack and camber and the MCA 652 -O15 at 0 andle of

attack. They were originally presented in the forip s7L (or s 1/L)

versus ,- with Nge,d as parameter. Sherman, Klein, and Tribus (Ref. 120),

using the idea of the average inertia parameter K. (see Section 3- 3 .2))

correlated the results so that in a graph of s7L (or st/L) versus KS.,

WADC TR 5L-313 104



60
4- PRESSURE ALTITUDE iO,00ft/t
"!• ~ DROPLET DIAMETER 2Omicrons -

I0 TEMPERATURE 15"F

4< 40

!0
0I
u.Z 30-.

Wz

I-,.

0l*
I 00O. 200 300 400 50 0 60.0

.JAIR SPEED Uo (knots)

FIG. 3-14 RATE OF WATER IMPINGEMENT ON
NAGA 65A004 AIRFOIL AT 40

ANGLE OF ATTACK (1,000 ft)

VIADC TR $ 514-13 105



80 PRESSURE ALTITUDE 20,000 ft

DROPLET DIAMETER 20 microns
------ _TEMPERATURE 15°F

60 /
04.

U. 40--_ _

w z

IzZo
~O30 --

WO

i20

0

0
100 200 300 400 500 600

AIR SPEED U (knots)

"FIG.3-15 RATE OF WATER IMPINGEMENT ON NAGA
65A004 AIRFOIL AT 40 ANGLE OF AT7ACK
(20,000 f t )

WADC TR 5h-313 106



so ---- ...--

PRESSURE ALTITUDE 10,000 ft
DROPLET DIAMETER 2Omicrons

7o TEMPERATURE 15"F

1.0

0A.

20
LLLL

50 7MC,. , , . /

w05

-J toX.i /_.

To0 200 300 400 500 600
AIR SPEED UQ (knots)

FIG. 3-16 RATE OF WATER IMPINGEMENT ON
NACA 6 5- 2O8 AIRFOIL AT 4'
ANGLE OF ATTACK (10,000 ft)

WADC TR 5hj-113 107



L PRESSUtRE ALTITUDE 20,O00ft

-DROPLET DIAMETER 20microns /
TEMPERATURE 15°F

I- I

z 7 . .. . '

W 40 -

z

V _

LLu

0-

20-

U. -alk TR , ."-, 1 1 _7

-j4

10100 200 300 400 500 Z00

AIR SPEED U0 (knots)

FIG. 3-17 RATE OF WATER IMPINGEMENT ON
NAGA 65C-208 AIRFOIL AT 40
ANGLE OF ATTC 20,Oft)

V.'ADC TR 514-.313 1013



PRESSURE ALTITUDE
10,000 ft,

tp DROPLET DIAMETER
to 20 microns - -

TEMPERATURE 150F• ,,

0 5 .0

z W30

10

0- r- - 1-~
100 200 300 400 500 600

AIR SPEED L4 (knots)
FIG. 3-18 RATE OF WATER IMPINGEMENT ON

NACA 6 5 r 2 12 AIRFOIL AT 4
ANGLE OF ATTACK (10,000ft)

WADC TR 54-313 109



PRESSURE ALTITUDE
20,000 ft

DROPLET DIAMETER
20 micirons

TEMPERATURE 15OF

III

FIG. -19 RTE OFWATE IMINEMN

I•LI•CTR 5--31---1

o00

2.-40

WO

w A__3

zW2I

':171Z-I
100 200 300'' 400 500 6QOAIR SPEED U,6 (knots)

FIG, 3-19 RATE OF WATER IMPINGEMENT
ON -NAGA 65-212 AIRFOIL AT 4
ANGLE OF A!YTACK (20,000 ft)

wDc TR 54-313 110



they were virtually independent of the droplet Reynolds number. The devi-

ations from a curve drawn through the averages for a particular airfoil at

a given angle of attack could be neglected for most practical purposes.

The values of asL and s,/L for the 15 per cent symmetrical and cambered

Joukowaki airfoils at various angles of attack are shown in Fig. 3-20.

The area of impingement per 'unit span for the NACA 0006-64 (6 per cent)

airfoil at zero angle of attack is presented in terms of sJL sl/L versas

•1 with Ne~d as parameter in Pig. 3-21.

Brun et al (Ref. 23 and 24) presented sJL and sý/L as functions
of K With NRejd as parameter for the NACA 65A004, 653-208, and 651-212

airfoils at 4' angle of attack. Attempts were made d'urind the present pro-

ject to recorrelate those values in terms of KS as suggested in Ref. 120.

Deviations from the averages of the impingement areas corresponding to the

droplet Reynolds numbers from '16 t~o 1024 were found to be fairly ismall

in the case of the dACA 652-212 but.'/excessive in the case of the NACA 651-208

airfoil. For this reason generalized charts for thase .airnfiP r1 not

recomended, and instead the graphs from Ref. 23 and 24 are reproduced as

Fig. $-22 to -25 in this manual. Apparently, the method of Ref. 120 1s
not'dependable for thin airfoils.

Results calculated by lesearch, Incorporated, on the NACA 13(50)002-

(50)002 and on the NPCA 65A005 airfoil are presented in Fig. 3-26 and -27,

respectively. At zero anigle of attac'k, the area of inpingement on the

double wedge is 0.5; at 5 and 10* angles of 6ttack, sa/L = 0. The limit

of impinpgement on the upper surface of the NACA 65A005 airfoil at 5 and 10"

angles of attack is such that 0 .• s7I < 0.001.

3-5 Distribution of Impingement on Airfoils

The droplets strike the surface of an airfoil in greater ninber's on

unit area of the leading edge than on the downstream regions. While know-

ledge of the total rate of impingement is useful for purposes of preliminary

design, the distribution of the droplet impingement is needed for detailed

analysis of a given system. The distribution may be considered in two ways

which nre discussed in the next two sections.
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3-5.1 Accumulated Collection Efficienc

The rate of impingement per uni-t span may be considered a

function of s/L, say 1'(s/L). This function is defined so that

71(si/L) = 0; that is, it represents the rate of impingement on the portion

of the surface bounded by the tangent point at s,/L on the lower surface

and the impIngament point at s/L where the intermediate trajectory strikes

the surface. For example, Wt(s 1 /L) = W', which is the quantity plotted in

Fig. 3-14 through -19.

An accumulated collection efficiency S, which depends upon s/L,
is defined;

'(s/) = %U (y)max E • w (3-25)

It follows from the definitions of E and Em that

W'(E/L) = . W (3-26)

The ratio E/E depends upon any two of the impingement parameters K",

NP , , dnd n . Obviously., the rate of water catch between points

a/L and sWL is equal to

a/L) - (3-27)

Ouibert et rl (Ref. 50 and 51) Calculated the distribution data
for the Joukowski sy~mmtrinal 15.per cent airfoil at 0', 2%adVage sfortheJoucowki.syrnerieal 5 pr entair.fol~a 0, 2", and L.angles

of attack, for the Joukowski cambered 15 per cent airfoil at 0 angle of
attack, and for the NACA 652-015 airfoil at 41 angle of attack. They pre-

sented their results by plotting E/Em against s/L with NRed and

X 1  as parameters. These. charts are reproduced as Fig. 3-28 to -45.

Inspection of these distribution curves reveals that for a given
value of K"., the effect of Ne is small; but that for a given value

of N1 eld' the effect of varying KI is quite large. This mean•s that drop-

let size is relatively more important than velocity in determining the dis-
tribution of the water impingement.
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3-5.2 Local Collection Efficiency

The local rate of droplet impingement per unit area of airfoil

surface can be determined from the expression (in practical units),

dY
W" = 0.379 U° w" ds 0 .379 Uo Ww (3-28)

The dimensionless local collection efficiency P is defined by Eq. 3-28,

in which EUo] = knots and E • = g/cu m. Figures 3-46 through -5L

reproduced from Ref. 23 and 24 show P plotted against K" as parameter

for the NACA 65AO05, 651208, ahd 65ý-212 airfoils at 4" angle of attack.

These graphs are based on the slopes of yo/L versus s/L curves obtained

from the trajectory data.

It may be noticed that the maximum rates of impingemiant occur

bctween the air stagnation line and the geometric leading-edge lince. On

account of the airfoil geometrxy and the manner in which the droplets ap-

proach the airfoils in this neighborhoodp the graphs of y /L versus s/L
4 0

are not well defined in the range -0.01 -, s/L - 0.0. The possible error

in the maximum value of 0 is estimated to lie between + 10 to + 25 per

""otdn, depending on the value'of K"1 and the airfoil. This possible :error
.is not' considered serious because only a small portion of the total water

catch would require iedistribution if the maximum value of ( is changed

by as much as the maximum possible error.' The total area under the curve

should not be changed when a change in the maximum value of ( is 'Made,

because the tQtal amount of water impinging, deternined by Yclu - Yo~1

and by J • d(s/L) is independent of the mnnner in which the water

is distribvted near the leading edge.

Distribution curves for the NACA 0006-64 and 65AO05 airfoils

and for the double wedge 1S(50)002-(50)002 were not calculated.

3-6 Influence of Angle of Attack and Airfoil M•aymum Thickness

There is available to date only a limited number of data on airfoils

of different series, angle of attack, camber, and thickness. Reliable inter-

polation techniques, thereforo, are of practical importance. The work of

WADC TR-54-313 1I9
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Sherman et al (Ref. 120) indicates that by introducing KS the effect of

the Reynolds numher in the charts is minimized. For many practical pure-

poses a single curve is all that is necessary to correlate computor data

of collection efficiency oir impingement area for a particular airfoil at a

specific angle of attack. A superposition of curves for a particular air-

foil at several angles of attack or for airfoils of different mp.ximum

thickness (in ternis of ptr cent chord) at identical angle of attack may

permit the interpolation br extrapolation of existing restults.

3-6.1 Influence of Angle of Attack on Rate of Water Impingement

Impingement data for a few airfoils at more than one angle of

attack are available. Figure 3-.-5 i a. graph of the ratio E 1EOversus

angle of attack cx, the quantity E being the total collection effici-

ency at zero angle of attack. The* ch'avs, which 'represent the 2 per cent

double wedge, the saunet~rical 5 per cent airfoil, and the Joukcwski sym-

metrical 15 per cent airfoil, were obtained;by cross plotting the graphs

*of Fig. 348, -9, and -13, respectively. They are drawn for particular

values of K and NRd or of KS; but curves for other values of the

parameters can he constructed whenever exact calculations must be carried

out, Clearly, the influence of increasing the angle of attack is to in-

crease the rate of impingement, and this influence is greatest for the

thinnest airfoils.

3-6o2 Influence of Angle of Att6lck on Impinrgement Area

Increasing the angle of attack increoases the extent of impinge-

ment on the lower surface of the airfoil and decreases it on the upper

surface. The influence of increasing camber is opposite to that of in-

creasing the angle of attack. Compare, for example, the curves of Fig. 3-20

at equal values of KS and the graphs of Fig. 3-26 and 'of Fig. 3-27 at

corresponding values of the parameters K 1  and NRe,d.

3-6.3 Influence of Airfoil Thickness on Total Collection Efficiency

Individual curves showing average values of E plotted againctm

KS for several airfoils at 40 angle of attack are presented in the graph

WADC TR 5h-313 lh9
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of Fig. 3-56. Airfoils having thicknesses from 4 to 15 per cent are repre-

sented. The thinner airfoils display the highest efficiencies, because

they are less effective in deflecting the droplets. This chart may he use-

Pal when axact data for a similar airfoil are unavailable.

The influence of airfoil thickness on the total collection effici-

ency is possibly best illustrated by a cross plot of Fig. 3-56 as shown in

Fig. 3-57. Here Em is plotted against the thickness ratio in per cent,
In this graph Ned 170: and K~l = 26. These values were selected so

Re, d
that the fourth entry in able 3-4, calculated for the 6.per cent airfoil,

could be included for comýiarison. The curve, which was faired through the

points to show the trend, :wAs drawn beneath the puints of the cambered air-
foils. It appears that t)e results for the NACA 0006-64 airfoil may be

somewhat low.

While the total collection efficiency is greater on the thinner
airfoile, it should be observed that the rate of water impingement on the

thin airfoils is less than it is on thick airfoils of equal length under

identical flight and icing conditions.

3-6.4 Influence of Airfoil Thickness on Impingement Area

Impingement areas on airfoils at 4" angle of attack are shown in

Fig. 3_.58. These curves which represent arithmetic averages for several

Reynolds numbers are presented to show the trend. For accurate results,

particularly with regard to the thinner airfoils, individual curves should

be used (see Section 3-h).

Brun et al (Ref. 24) have made further comparisons of tbe im-

pingement conditions on the NACA 65A0OI, 651-208, and 65>-212 airfoils at

44 angle of attack. They considered one each of the three airfoils of
equal length. flying at the samio speed and altitude. Then they investigatEc d

the extent of impingement and the rate of water impingement for K-1 = 1,

10, and 100. They came to the following conclusions:

The rearward limit of impingement on the upper surface decreases
as the thickness ratio decreases, Or the low~er surface, as the thickness

WAzrC TR 54-313 151
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ratio decreases, the limit of impingement increases appreciably in cases

where K-I ' 1. But for K-1 -b 10 the impingement area increases only

slightly. In general, a decrease in thickness ratio will result in less

total water being spread over a larger area of the lower surface.

3-7 Tapered Wings

Some remarks regarding tapered wings have already been made in Section

3-3.2. In addition, it might be observed that the rate of catch is greater

outboard for small droplets than it is inboard and that the reverse is

true for large droplets. The explanation is that although Em increases

with decreasing chord length, the projected area of the wing in a plane

normal to the main flow decreases. Beyond a certain value of droplet

diameter, a furthei increase in droplet diameter and decrease in projected

area produces relatively small increase in Em.

jiý 34 Compressibility Effect in Subsonic Flight

Br-n, Serafini, and Gallagher (Ref. 26) evaluated the effect of. com-

pressibility of air on the water impingement. They found that for a oylin-

der, it was negligible up to the flight critical Mach number. Their cal-

culation revealed that the greatest effect of compressibility on the water

impingement occurs at K = 5 and 0 = 50,000 with a decrease of col-

lection efficiency of less than3 per cent.

The extension of the results obtained with a cylinder to an airfoil

is Justifiable, because the incompressible flow fields of cylinders and

airfoils are similarly altered by compressibility. Furthermore, the flow

field around the nose soction of. the airfoil, where impingement occurs, is

not af*eoted to a signiiicant degree by compressibility.

Aerodynamic considerations show that a change of the airflow field

which mighý be caused by placing the airfoil at an anglo of attack would

tend to shlft the location of the maximum difference between tha compressible

and incompressible flows toward the leading edge of the upper surface and

toward the tail on the lower surface. However, the same change also shifts

the area of impingement in the same fashion; therefore, the area of
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impingement would remain in the region where the effect of compressibility

is of no practical consequence, and it appears that for airfoils as well

as cylinders the affect of compressibility is negligible up to the critical

Mach number.

3-9 Swept WIngs in Subsonic Flight
Dorsch and Brun (Ref. 35) have discussed the general effect of wing

.weep on cloud droplet trajectories and swept wings of high"•espct ratios

moving at subsonic speed. They proposed a method to extend the impinge-

ment data of non-swept wings to swept wings.

They show that for swept wings of high aspect ratio and small taper,

it is possible to obtain the xjy-projection of the droplet trajectories
around it from two-dimensional trajectory data by using the component of

the free stream velocity and the angle of attack in the plane normal to

the leading edge when evaluating the various dimensionless parameters. The

spanwise displacement of the droplets causes a small spanwise shift of the

impingement point. For droplets not of uniform size, each' size will be

shifted sp&u•iae a slightly different amount, but, the net chordwise impinge-

ment in the normal plane at each spanwise station will be the same as the

net chordwise inmpingeteft calculated from the x,y-componqnt of the tra-

jectories when the given droplet-size distribution is used.

3-10 Water Impingement in Supersonic Flight

Xt appears that if the ambient temperatures are O*F or higher (which

includes 90 to 95 per cent of reccrdbd icing conditions) icing will not

occur at supersonic speeds. If all possible icing conditions are con-

sidered, very high speeds would be necessary to prevent icing by aero-

dynamic heatiLng.

Callaghan and Serafini (Ref. 30 and 31) performed an analytical in-

vestigation with experimental confirmation on icing of a diamond (double

wedge) airfoil at flight Mach numbers as high as 1.4. Because of the

limited interest in these extreme conditions this problem will not be con-

sidered any further in this manual.
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3-11 Distribution of Droplet Size in Clouds

In the preceding analysis droplets of umiform size were assumed.

Actually, droplets of different sizes are usually present in the same

cloud. It has been a common practice to use the mean-,effective droplet

diameter in calculating impingement data. For increased accuracy, however,

a weighted aum corresponding to the specific droplet-size distribution

pattern should be used. In particular, area of impingement is determined

by the largest diameter rather than the mean-effective droplet diameter..

For convenience, Lsngmuir and Blodgett (Ref. 81) defined five dif-

ferent droplet-size distribution patterns as shorm in Table 3-5. The size

is expressed as the ratio of the average droplet:radius a in each size

group to the mean effective droplet radius a .
0

Table 3-5 WATER DROPLET DISTRIBUTIONS

Droplets a/s 0
in each Distributions

size group
(per cmnt) A B C D

5 1.00 0.56 0.42 0. 3. 0.23

10 1.00 0.72 0.61 0.52 0.44

20 1.00 0,84 0.77 0.71 0.65

30 1.00 1.00 1.00 1.0o0 1.00
20 1.00 147 1.26 1.37
10 1.00 I1.32 1.51 1-:74 2.00

5 1.00 1.49 1.81 2.22 ?.71

A complete analysis requires that the impingement rate be calculated

for each droplet size. The rates of catch are then sunmed in proportion

to the amotnts of water present in each size gro,•p, For ordinary design

purposes this idea of distribution need not be used. It is usually found

necessary in a testing program when it is desired to bring results from

experiments and the theory into good agreement,
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3-12 Mincellaneous Remarks on Water Ivvingemant

It will be assumed in the following chapters that all the water im-

pinging on the airfoil according to the trajectory data will have to be

removed from the heated surfaces by evaporation. The assumption may be

sonmehat conservative because there are vechanisms which decrease the rate

of inpingement before the water reaches the airfoil or remove the water

after it has collected on the airfoil surface.

3-12.1 Pro-Ev-aporation

So far it has been supposed that the water droplets do not change

size as they appro&ch the airfoil. The fact is that as a droplet moves

toward the stagnation region of an airfoil, particularly at high speed, its

size diminishes by evaporation. Lowell (Ref. 85) investigated such droplets

analytically and came to the conclusion that evapprative losses may be

several per cent of the droplet cass. A small droplet approaching ilong

a stagnation line imy even evaporate conpletely and never reach the airfoil.

3-12.2 Bounce-Off

Langnuir (Ref. 80) suggested that droplets may bounce off a sur-

face. This problem.was further studied by Schaefer (Ref, 113)* He found

that -when droplets of 100 microns diameter or larger would inpinge on a

clean surface of a thick water layer they would not verge with the water

but instead would bounce or "skate" a distance of 50 centimeters or more.

The skating stops when the surface becomes oven slightly contaminated, and

the droplets enter the water upon initial contact with the surface. The

skating stops, also, when the depth of the water layer is reduced to a

fraction of a millimeter.

No direct experiments to evaluate the effect of bounce-'off during

flight seem to be available. However, the experimental results found by

Gelder and Lewis (Ref. 45) on heat transfer are in better agreement with

analysis if it is assumd that no bounce-off occurs.
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3-12.3 Blowoff

Hardy (Ref. 5h) has suggested that some water may be lifted or

blo'- off a web surface. However, experimentation reported on by Tribus

(Ref. 124) indicates no blowoff. In that investigation, which was per-

formed by T. B. Gardner, all water pumped out through the leading edge of

an airfoil was collected downstream; the mass balance showed that no water

was torn from the surface. Boelter et al (Ref. 16) analyzed the forces

which might act to remove a drop from a surface. They found no not force

to which they could attribute its being blown away,
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Chapter 4t HEUT AND MASS TRANSFER BY CONUVTION

4-I Internal and External Heat Tranfeor

Heat is transferred directly from the hut air in the double-skin pas-

sages to the outer skin by convection; some is transferred indirently by

conduction through the inner skin. A part of the heat leaves the outside

surface of the airfoil by convection., another part by evaporation, both

these processes occur on the exterior surfaces within the narrow region of

the boundary layer and are closely related.

The reader should take care to observe whether he is considering a

local or ia mean coefficient of heat transfer. Local rates of heat transfer

are used to analyze the performance of a given anti-icing system. Average

rates are omploycd in preliminary design calculations.

In this chapter, equations for calculating the Coefficiehts are pre-

sented. In Chapter 6, the rates of heat transfer are calculated.

Convection ok Heat at Low Sieeds

The rate of convectimo from unit area of heated surfaces in a low-

speed 4r stream is

S -. h(Ts -'To (4-1)

where h denotes the local coefficient of heAt transfer. Subscripts s

and o refer to the surface and free stream, ýespectively, and T is the

local absolute temperature of the surface at profile distance s from the

stagnation point.

The coefficient h depends mainly on the local air speed and the

distance from the leading edge. It also depends on the air properties.

IThe quantity h is sometimes called the point unit conductance; a
mean vaiue is then said to be the average unit conductance. The units are
B/hr ft F.
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4-1,2 Convection of Heat at High Speeds

At high speeds frictional or aerodynamic heating has an important

effect and Eq. 4-1 must be modified to become applicable. The frictional

heating reduces the rate of beat transfer by convection. It has been found

(Ref. 39 and 40) that the following modification or generalization of

14. 4-1 accurately gives the net rate of heat transfer by convectionk

c4 sh T T.2cpa =h(T s-T (4-2)
2gere

where • is the local recovery factor (Section 4-2) and Taw, defined by

thi.0 equation, in known as adiabatic wall temperature. Subscript 1 refers

to the local conditions at the outer edge of the boundary layer, which are

discussed in Section 4-3. In Eq. 4-2, employing EU"I = ft/sec, g = 32.17

ft/sec2 , J = 778 f4 lb/B, and cpa 0.240 B/lb F, the product 2gJc =

121010 £t 2/sea? F. At low speeds the last term in the Parentheses is
relatively small and can be neglected, T1 is hardly any different from

To, and Eq. 4-2 reduces to Eq. 4-1. A particularly interesting feature
of Eq. 4-2 is that the coefficient h can be evaluated from data of low-

speed experiments in which Eq. 4-1 is used as a definition of h.

4-2 Local Recovery Factor

The quantity •r is found by both experiment and theory (Ref. 39

and 65) to deTend upon whether the flow in the boundary layer is laminar

or turbulent and o)n the Prandtl number of. air (Npr - ýAcPk).

For the range of temperatures encountered in the present application,

the 1randtl number of air may be taken to be constant at the average value

0.71 (see Table A-2).

44l2.l Evaluation of for the Laminar Boundary Layer

In the case of laminar heat heat transfer,

2 0.84 (4-3)
1,r F- b 6
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4-2 2 Evaluation of lr for the Turbulent Boundary Layer

In thin ease,

0 0.89 (1-i)

4-3 Evaluation of Air Properties at, the Outer Edge of the foundary Layer

In order to use Eq. 4-2 and some subsequent equations, the local

static absoliite pressure p15 the local static absolute temperature T1 ,

and the local velocity U1 will have to be evaluated. Forithis purpose

flow along the outer edge of the boundary layer is assumed to be isentropic.

Also, the free stream Mach mumber M is assumed to be below the critical

value so that the flow is either incompressible or subsonic, without shock. 1

4.-3.1 Preliminary Evaluation of Pj and T

Since p, and T1 depend upon the free-stream absolute static

pressure p0  and temperature To, which are arbitrary design parameters,

exact evaluation of pl and T1  is not always necessary. For a preliminary

calculation satisfactory results are obtained by placing. p, p. and

T= To, the pressure p0  being found opposite the given pressure altitude

in a table of the Properties of the 8tandard Atmosphere (Tabltp A-I).

4-3.2 IncOomressible Fla

For Mo - 0.3 the flow maybe assumed incompressible, so that

- o It follows that T1 S TO and that from Bernoulli's equation

U= - - [ - + p0

1The free stream Mach number W i is the ratio of the free stream
velocity Uo to the velocity of sound ao in the free stream. Since at-
mospheric air can be considered an ideal gas, the velocity of sound in air
depends only on the temperature. Tables A-1 and -2 give the velocity of
sound in air as a function of the temperatureo The chart of Fig. A-2 may
bo used to evaluate Mach numbers for a given speed and temperatureo
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In this equation p3= lb/ft 2 when [ = slug/ft 3  and [U] ft/sec.

To convert from lb/ft 2 to in.-mercury see Table A- 4 . In Ref. 1, ratios

(11/u 0) and (Ui/Uo) 2 are tabulated as a function of chordwise distance

for several airfoils of basic thickness for-ma (symmetrical airfoils). The

authors show by example how their tabulated values can be modified to allow

for finite camber and angle of attack. Thus, U1/U0  and p, can be cal-

culated as a function of s/L.

In numerous other references dealing with properties of alrfoils,

the pressure coefficient,

C p, , l -Pc

is given as a function of chordwise distance in graphical or tabular form.

For some preliminary calculations it will be found convenient

to employ the following mean velocity and to assume it is uniform over the
entire heated surface (Ref. 89 and 117):

Um a U (1 +-- -7

The positive sigh is for tha -por surface and the negative sign for the

lowerj CL is the lift.coefficient and a is the angle of attack.

4-3.3 Compressible Flow
If MO > 0.4 more accurate results will be obtained by consider-

ing that the flow is compressible, then the density is not uniform and

T1 2  To.

At high subsonic velocities of the free stream, the local velocity

U1 at any points may reach the local velocity of sound, The corresponding
value of the free stream Mach number is called the critical Mach numsbr.

Below the critical Mach number the flow is said to be subsonic. The precent

discussion has bArn limited to flow in this region, for at higher speeds

aerodynamic heating becomes an increasingly significant quantity, reducing

t thermn enervy req-oirod from the anti-icing system. Information
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regarding heat transfer calculations in the cases of transonic and super-

sonic flows around airfoils can be found in Ref. 65.

The distribution of the pressure coefficient Cp for subsonic

speeds at any point on an airfoil may be found in terms of the pressure

coefficient for incompressible flow 0psi. The following equation, due

to Kgrman, is in good agreement witii experimental results on the forward

regions where separation does not occur and gives a good approximation up

to the critical Mach number for most airfoils (Ref. 62).

Psi (4-8)

where

- (1- M2) (4-9)'

With given free stream Mach number and the distribution of C
p.

the properties at the outer edge of the boundary layer may be calculated

by means of the following equations (Ref. 65, Section II).

"pl 2o-- 0,702 • M 0o + 1 (4-l0)

T ( "°'0.288 ( ,-..

Volo

and

~ l0.712

Figures 4-1, -2, -3, and -4, reproduced from Ref. 65, may be used as aids

in the calculations. The equations and figures are based on the value

S= 1.405 for the ratio of specific heats.

'Alternatively, for subsonic flow . cos sin-I M.
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In some references on airfoil data the presatre cuefficient C is
not given and, instead, the ratio pl/Ho is plotted against the chordwise

distance. Here p, is the local pressure as before, and H0 is the free

streami stagnation or total pressure'

0  0 +F 0  (4-lh)

where

7 1 2 1 M4+
o

which is plotted on the abscissa of the chart in Fig. A-3. The relation-

ship between the pressure coefficient Cp1 and the ratio pl/Ho is

+ M
Cp, . =(4-16)

P 2

4-4, Calculation 6f Profile Distances

In order to calculate certain quantities regarding rates of heat

transfer and mass tt!ansfer, and to relate impingement areas to chordwise

distance, profile distances from the glometric leading edge of the airfoil

are needed. Profile coordinates can usually be found tabulated in the

literature. For eample, Ref.. contains tabulations of the profiles of

many of the low-drag airfoils. Employing those data, one can lay out the

airfoll to large scale and measure dimensionless distances s/L along

the profile using dividers and scale. Or, the distances can be calculated

in an approximative way suggested by Falkner (Ref. 49). This method Is

summarized below. A tabulation of the x,y-coordinates of the profile is

required to start the calculation.

Falkner's method is based on the idea that circular arcs passing

through successive sets of three points can be used to approximate the

profile. The profile lengths are taken to be equal to the summation of the

circular arc lengths. Figure 4-5 facilitates the calculations. In the fol-

lowing steps all dietances are ratl e-s nf the, cbnrd Iength L.
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Step 1. Let three succecsive points be (xoy 0 ); (xl,yl)I and (x 2,y 2 ).
See the upper right-hand corner of Fig. 4-5. Calculate Ax xI -X6,

Ax 2 = x 2  Ly•y•Y- - yo, and AY2 - Y-

Rtep 2. Calculate the ratio,

r radius of arc
chord of arc

SY)2]/ (-17)

2 '. nY2 - X2  Ay 1

Step 3. Entering Fig. 475 with the ratio found in Step 2 find a/b, the
ratio of the circular arc length 012 to the chord 02 of the arc.

§tep 4. Calculate b, the chord of the arc.

[-: b = Ax 2)2 + (Ay 1 + %)] (1-18)

This is the rectilinear distance from Point .0 to Point 2.

t . Multiply the results of Steps 3 and 1 to obtain a, the circular
arc length from Point 0 to Point 2.

Step 6.. Repeat Steps 1 to 5 using the next three points: (x2'Y2); (x3,y 3 );
and (x4 ,y4. And so forth.

Se__7. The sum of the ats is approximately Z Zs - s. Any profile
distance a can then be found from a graph of a plotted against the
chordwise distance x.

14--5 Evaluation of the Coefficients of Heat Transfer on the Exterior Surface
n0 fn Airfoil

In the following presentation all distaki•es s are measured along the
profile from the geometric leading edge (point of intersection of the chord
line and the profile). The equations are based upon the assumptions that
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the surface temperature T is uniform and that the flow is incompressible.
SUnless otherwise stated, fluid properties are evaluated at the temperature,

t f = (t s + o2

Finally, no distinction. is made between the coefficients of heat transfer

on dry and wet surfaces, and the influence of the presence of moisture,

which has little effect on most air properties, is neglected. Deviations

from some of these restrictions ar'e considered in Sections 4-9 and -12.

Two methods of calculating the coefficient of heat transfer are pre-

sented: the "flat p;iate, approximation and the "wedge flow" approximation.

The litter appears to. be generally more accurate but requires more time.

For thin airfoils, results from the flat plato approximation appear to be

satisfactory.'

1-6 Flat Plate Apprenimation

First approximations, which may be sufficiently accurate for most pur-

poses, can be easily obtained by replacing the leading edge with a cylinder

and the afterbody with a flat plate (Ref. 15 and 89). The best accuracy

appears to be obtained for full-scale, thin airfoils in. high-speed flow

with long heated lengths.

4-6.1 Heat Transfer from the Leading Edge Region

Measurements of the local coefficient at angle 0 from the

point of stagnation on a heated cylinder (Ref. 115) have been represented

by means of the equation,

- Re (1 • r (4-20)

Nu ID . r. e ad 0

where N-u, -h' U e,, and 0 4 4 90. In applicaticn to

an airfoil, the leading edge having radius of curvature D/2 is replaced

by the cylinder of diameter D. Cuatcmarily, this diameter is expressed

as the ratio D/L whare L 1 e the chord length. Also,
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360 sh-21)

Placing Npr 0.71, eliminating 9 from Eq. 4-20 a-id -21, and intro-

ducing the chord length L instead of the leading edge diameter, as

characteristic length in the Nusselt and Reynolds numbers,

.D.5 a L
NNuL = 1.00 KL " G(-, L (4-22)NuLRe,L, L D)T

ivhere N a UL•/p and the factor

RaL L L Lh23
CI;~ b) f(L 2.06 (f) (8) (423

may be evaluated by nmans of Figi h-6. In this chart the leading edge

radius, expressed as per cent of the chord length, replaces the paraeter

L/D. The charts Of Fig. A-b and -5 taken from Ref. 3, my be found con-.

venient to calculate the Reynolds number Npe Z U0L J 0/%o, when the Mach

number M is known. Also, the charts of Fig. 4-7 and -8' can be. used

for 15 0 F icing atmosphere at 10,000 and 20,000 ft pressure altitude, re-

spectively. After the Nusselt number hL/k has been calculated, the co-

efficient h may be found for 15"F atmosphere (k = 0.01352 B/hr ft F),

using Fig. 4-9.

The product of the powrs of the fluid properties in Eq. 4-22,

excluding the density, has been expressed as a function of the tenoerature

Tf with the result that it' may be written in the dinmnsional form,
0.5

h = 0.185 Ti. (G) (s, L) .(4-24)

where LhJ = /rft2.F; U = - ib/ft3  L] ft; and

ETf = *R. Based on the thermnl properties of air in Table A-2, Eq. 4-24

represents Eq. 4-22 within + 1 per cent in the range of te?,perature from

0 to 1400F.

4-6.2 Heat Transfer from the After Region - Laminar-Regie

In the sinplified treatment (Ref. 89) the airfoil shape downstream

of the cylindrical part is treated as a flat plate. Whereas the velocity
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outside the boundary layer is uniform on a flat plate, it is variable on

the airfoil. In the present and the next sections, calcu•ations a" made

under the assumption that the local heat transfer coefficient at distance

s, where the local velocity outside the boundary layer on the airfoil is

UI, equals the local heat transfer coefficient at distance s from the

leading edge of a flat plate in a uniform stream of velocity U .

In the laminar regime the local coefficient of heat transfer on

a flat plate in a uniform stream of velocity U1  is given by

S0.332 N' (4-25),
=Pr

Accordingly, on an airI'oil

N 0.28 N ,L5 (4-26)

Similarly, as with Eq. 4-22 and -2h). the following dimensional equation has

been obtainedi
•/ .0.5

0.5./ U1 0.5
h 0.0530 T .) (4-27)

.- 6.3 Heat Transfer from the After Region - Turbulent Regime

In the turbulent regime the local coefficient of heat transfer

on a flat plate in a uniform stream of velocity UI is given by t

S~~hs /hN (4-28)

Even though the-turbulent boundary layer is preceded by a laminar boundary

layer, the distance s is measured, from the leading edge; this is in ac--

cordance with Prandtl's asrmuption xregarding the influence of transition

on the turbulent boumdary layer. It follows that on an airfoil

0.024 08 IO 1.8 L0.2

Nu,L o.o• •, ()

And again in the dimensional form,
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h 0.711 0f2 (L0.2

4-7 Evaluation of Local Coefficients of Laminar Heat Transfer by means

of Wed J Flow Aprcoximations

Another method to calculate local coefficients of heat transfer in

the entire laminar regime (including both the leading-edge region and the

laminar region beyond) is based on so-called vedge flow approximtions.

Predicted results are reDortedly in better agreement with exact solutions

and with ex sz1irents. than are the flat plate solutions, particularl y with

regard to thick airfoils. This iethod has the disatvantqge of requiring

&uxiliary calculations and, therefore.. should be used only when it is re-

quired to have accuracy greater than that provided by the flat plate so-

lutions presented above.

The flow outside the boundary layer on a wedge nay be repr~ented by

an equation of the type,

M, u S c(4-31)

where m is a constant known as the Euler number; it depends upon the

angle included by the wedge. The qiiantity C is, also. a constant but'

does not enter the calculations.

Boundary-layer calculations for wedges are exact. The idea of the

wedge flow approxiImative calculations is to replace the flow, at each point

oh. the airfoil with a corresponding exact solution on the wedge.

Thm first' step is to determine a value of m for each point where

the coefficient is desiredo Enploying Eq. 4-31 and expressing m in' terms

of U1  and dU1/dsa

d(~

Th (h-32)

0
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Accordingly, UI/Uo should be found as a function of s/L; the differentia-

tion can be performed graphically or numerically.

The second step is to evaluate the quantity,

hL • hs

5 • (4-33)

by means of the chart (Ref. 20 and 41) in Fig. 4-10. The local coefficient

can then be calculated. It may be noted that the conductivity and dynamic..

viscosity are evaluated at the surface temperature. But if the temperature

'difference is small, the properties of the free stream may be used. Furtherp

if the speed is moderate, the ratio I .

T For a circular cylinder, this method yields coefficients which are

within 15 per cent of experimental values. Greater accuracy is claimed for

streamline bodies (Ref. h4).

A so-icled 5"e.ui.valent wedge-type flow" method has been brought f,0

a convenient form for calculations (Ref. LI). A modification of the wedge-

type solution, it aecounts in an approximate way for the previous history

of the boundary layer. It gives higher accuracy for more shapes than the

simpler theory. However, each calculation requires the solution of a dif.-

ferential equation by a combination of charts and graphical construotions.

4-8 Influence of Temperature of the Air on Coefficients of Heat Transfer

Theoretically, thermal conductivity and viscosity should be evaluated

at the surface temperature. However; this procedure has not always given

the best possible correlations of experimental results. The main rule re-

garding fluid properties is to evaluate then! at the temperature recoinended

for the particular theoretical or empiricail equation being employedo

The influence of the air temperature on the coefficient of heat trans-

fer', insofar as the fluid properties are affected by temperature, is
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relatively small in the present application. One reason is that within the

range of temperature differences encountered in the present application,

the fluid properties change relatively little.

Another reason is that thie coefficient depends upon the fluid proper-

ties in a self-compensating manner. For exaqple, in Eq. 4•-24, since the

deifsity vwries inversely with the absolute terperature Tf, the coefficient

of heat transfer is virtually independent of the terperature. This is fur-

ther exenplified by Eq. 4-27.

Equation 4-30, which is applicable to the turbulent boundary layer,

shows by like reasoning that the coefficient of heat transfer varies in-

versely with the square root of the tempereture. In anectrome case, if

the gurface temperature vere 160°F and the main air temperature 0"Fj the

arithmetic man absolute terperature would be 51jOR. Eval-,ating the fluid

properties at the free gibream air tenperature instead of the mean tempera-

ture, therefore, would give a value of the coefficient 6 per cent higher

than the correctly calculfated value. In most practical cases the difference
would be much less.

Accordingly, for ease of calculation it is recomnended that properties

of the free stream be aeployed in evaluation of the coefficient of heat

transfer. From the practical viewpoint of carrying out the calculations,

this meann that in Eq. 4-26 and -29, 1 eL (based on flUid properties evalu-

ated at temperature tf) may be replaced by NRe (based on fluid properties

evaluated at temperature to), For to = 15F, NM may be obtained from

Fig. L-7 and -8 at 10,000 and 20,000 ft pressure. altitude, respectively.

"Uhen a second approximation is required, or when surface tenperatures are

quite high, the zeran temperature tf of the first approximation (dealt

with in Chapter 6) should suffice to evaluate the fluid properties. Alter-

natively, by naking reasonable estimates of the surface terperature and

averaging this with the ambient plus 85 per cent of ram rise, the experienced

designer can determine a tenperature which will give values of the fluid

properties that lie within 1 to 2 per cent of those computed using the actial

mean tewerature.
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4-9 Transition from the Laminar to the Turbulent Boundary Layer on the

Exterior Surface

Accurate determination of the distribution of h along the exterior

surface requires that the point of transition be evaluated. This points

located at distance str from the leading edge, marks the end of the

laninar boundary layer. There the boundary layer begins to grow rapidly

and to become turbulent. As a result the coefficient of heat transfer in-

creases very much. The growth may occur in a very short distance, in

which case the transition is virtually abrupt. Or it, may occur along a

considerable distance before the boundary-layer turbulence becomes fully.

developed. This interval of length is sometimes called the region of

transition. In this region the transition point is probably non-stationary.

The point of transition is allied to the stability of the laminar

boundary layer. The changing of factors which contribute to upset the

laminar qualities moves the point of transition upstream. Gazley (Ref. 44)

has admirably summarized this subject.

On a flat plate, high velocitica rouhnessý heated areas, evaporation.

and external disturbances redace str. In addition, on an airfoil, ascend-

ing pressures reduce 8tr. Hence, a symmetrical airfoil at finite angle

of attack or a cambered airfoil will have a shorter laminar boundary layer

on the upper surf.ace than on the lower surface. The disturbing effects of

turbulence in the main stream of a wind tunnel or of impinging water drop-

lets move the point of transition forward. A major difference between

full-scale flight and wind-tunnel model experiments is that the region of

transition in full-scale flight is relatively short. However, whereas

abrupt transition on a full-scale heated airfoil seems to occur in clear

air during fro.o flight, a region of transition appears to occur in icing

conditions.

A quwititative evaluation of all these factors is not possible. Tribus

and Tessman (Ref. 127, p. 119) have performed calculations to learn the in-

fluence of the nature of the boundary layer. If the surface is completely wet,
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uncertainty of the distance' eat will not aefect the final design in a seri-

oux way; but, of course, the correot value should be used when it is known.

To quote Tribus (bf. 124, p. VI-I4)i

"The reason.. .is that for a given airflow and air teziperature
inside the wing, an increased exterior Ec6efficient of heat trans-
fer] results in a lower wing surface tezperature, thus increasing
the effectiveness with which the heat supply from the heaters my
be used. The exponential variation of the vapor pressure with tem-
perature tends to stabilize the evaporative system. A large Ecoef-
ficient] combined with a_ low.vapor-presaure difference may evaporate
as much water as a low rccefficient] combined with a high vapor-
pressure difference. The adze of air ducting and heaters my well
be the same in the two cawas though the detailed behavior (surface
teziperaturee, air outlet teqperatures) may be radically different."

Further, in Ref. 89 it is shown that at high apeeds the location of

the point of transition has relatively small influence on the mean coeffici-

ant of heat transfer, particulaarly if the heated surface is quite long.

Since the •axLmum average coefficient occurs when the point of transition

is close to the leading' edge it muld seem that the design should be carried

out for this position of the transition. In fact, in a preliminary calcula-

tion the entire boundary layer night be taken as turbulent.

Noel (Ref. 98) remarks that air and the extent of the region of

transition is the most uncertain factor influencing the convective heat

transfer. A limited amount of data indicates that the transition starts

at the end of the area of inpingenent (Ref. 45 and 99j also, see the next

section). This appears to be a good apprcxisation. Specifically# Neel

suggests that the transition region be assumed to extend chordwise along

the surface for a distance of about 0.75, str and that a linear variation

of heat transfer coefficient with distance be taken.

j-•I0 Ex erimerntal Values of the Coefficient of Heat Transfer on Airfoils

kMost experiments on airfoils have been performd on models in wind

tunnels. Restilts from such tests are influenced considerably bV the tur-

bulence level. The transition region my extend over a larger percentage

of the mdel than it would on a similar fiull-scale airfoil in flight.
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4-10.1 glr Investigations

In Ref. 89 results of tests on four symmetrical models ranging

from 6 to 24 in. chord length are suamnrized and conpred with results pre-

dicted by means of Eq. L-22, -26, and -29. In general, values of local co-

efficients predicted by the flat plate approxinations are somewhat low along

the forward 30 per cent, particularly on the upper surface at finite angle

of attackt.

Heat transfer investigations by the NACA on large-scslo airfoils
are reported in Ref. 4 and 40. Also, Tribus and Tessnm" (Ref. 127) and Hardy

(Ref. $4) report on heat transfer reasurements made during flight tests.

4-10.2 Recint NACA Investigation

delder and Lewis (Ref. 45) compared wind-tunnel and flight-test

results under both dry and vat conditions and with various distributions

of' the heat supply. Their model mas an NACA 65,2-016 at zero angle of at-

tack. The chord length was 8 ft. They found local coefficients of heat

transfer.' The flight-test data were taken from Ref. 996

- .The transition occurred at. a lower Reynolde number in the wind

tunnel than in free flight and its range on toh surface was greater tbin in
free flight, the transition in clear atmospheric conditions being practical-

ly abr'upt. In most cases studied by the authors, the transition of the lami-
nar heat transfer during icing conditions appears to occur at the inpingement

liUdt. The water in the air reduced the transition Reynolds numberl during

both flight and wind-tunnel tests. Also, the wet air conditions effedted a

long trarnsition range even in flight tents. For exavple, in one of the

fAight tests during icing weather, the transition region appeared to extend

in the range of local Reynolds numbers from about 3 •105 to 3• 106• yr-

ther, resu~ts from sore wind-tunnel bests indicate that the nature of the

distribution of the surface temperature also affects the transition, for it
appears that a non-uniform distribution gives a longer region of transition

than does a uniform disaributlwi.

A very small region of larinar heat transfer was found during

flight conditions. The coefficients were about 15 per cent higher than those

predicted by Eq. 14-26. Somewhat better agreement appeared to occur during

icing conditions. During the wind-tunnel tests, in a region of local Reynolds
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nu•rber usually considered to be laminar, coefficients vre at Ia+Rt. ?7 per

cent higher and usually nearly 100 per cent higher than the values predicted

by Eq. 4-26. Turbulent heat transfer coefficients ... flight were usually

about 5 to 15 per cent higher than the values predicted by Eq. 4-29, depend-

ing upon icing and flight conditions. In general, the flat-plate approxi-

mations give low values according to the studies by Gelder and Lewis. This

is not unusual since the theory is not strictly applicable to the curved sur-

faces. Further, the theory is for an aerodynamically smooth surface, and it

is known that wing surfaces normally have minor imperfections that cause

deviations from ideal conditions.

b-!0.3 Recommendations regarding Vbdifl.ations of Equations used to

predict Heat Transfer Coefficients

The experimental evidence available so far has been obtained by,

surmounting numerouos difficulties. Uncertainties in the tasurenrnts have

occurred, and additional experimentation is needed, The influence of non-

uniformity of surface temperature has not always been accounted for. There-

fore9 the following recommendations are made with a reservation pending fur-

ther experinental checks. It appears frnm the exeriments and from the cal-

culations perforerd so far that for airfoils, the laminar and turbulent heat

transfer coefficients calculated by means of flat plate equations should be

increased about 10 per cent. Then the equations for laminar heat transfer

on wings become

N =0.315 N ° 5 (4-26a)
=, lRe,L'AU 0

or0.

hi 0,0584 TP `5.l (4-27a)

f a
And for turbulent heat transfer they become

0

or h O N8  . " ,, 0.2

h = 0.782 T (U 0.8 (1) (L-30a)

Nomographs for solving Eq. h-27a and -30a appear on Fig. A-6 and -7 in the

appendix at the end of this report.

•YADC TR Ab-313 186



4-L1 Turbulent Heat Transfer with a Temperature Step

In light icing conditions, the size of the heated area may possibly

exceed the wetted area. In such a case the dry heated region will not

be cooled by evaporation and a rather steep rise of surface temperature

may occur where the wetted area ends and the dry area beglnso Neglecting

the influence of conductivity in the outer skin, which smooths out the

temperature distribution (Ref. 16), we may assume that the change is

abrupt. Then we find that the coefficient of heat transfer may change

significantly where the discontinuity of the temperature occurs. Since

this will usuglly happen in the turbulent range, the influonoe on only

turbulent heat transfer is considered.

One of the particular, solutions that Rubesin (Rof, 110) deals with

may be dealt with referring to the diagram of Fig. )4-11. From s = 0 to

S= , the surface temperature is ts = wth1 , which is greater" than the

air temperature to• For s . -s, the surface temperature has the uni-

form value t8,2  .

II

W

i-

WI

__ 1@ L -S

FIG. 4-11 STEPWISE TEMPERATURE DISTRIBUTION

ON A FLAT PLATE

The coofficient of heat transfer at any point is denoted by h(s,sl).

The first quantity in parentheses denotes the distance from the leading edge
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to the point in question and the second quantity the distance from the

leading edge to the position where the abrupt change of surface tempera-

ture occurs. Thus, h(s,O) denotes the coefficient of heat transfer for

a surface of just one uniform temperature, without a stepwise change. The

author shows that the local coefficient in the range a a,, is
t I t 0 t J2 t 8, 39& -7//39

h(s,sl) :h(sO)f ." +-.. " (L0. (4-34)

Rubesin also presents an equation and graphs to determine an average

value of the coefficient in the range from a, to s2. These results can

be applied directly to an airfoil. Usually an iterative technique will

be necessary to find the proper value of t
s,2*

4-12 Influence of Varia~le Surface Temperature on. the Coefficient of

Heat Transfer

It is highly improbable that the surface temperature of an airfoil

will be uniform, as assumed in previous sections. Several analytical in-

vestigations, which are based on generalizations of the stepwise distri-

butions described in the preceding section, have shown that non-uniformity

of the surface temperature may significantly influence the coefficient of

heat.transfer in both the laminar and turbulent regimes. Klein and Tribus

(Ref. 7h) review and discuss the subject of heat transfer from the non-

isothermal surfaces in considerable detail and prosent a comprehensive

bibliography, Also, Scesa and Levy (Ref. 112) give a method to calculate

laminar heat transfer coefficients for wedge flows with arbitrary variations

of the surface temperature.

Where the heat transfer coefficient is used to evaluate the distri-
bution of temperature on an airfoil surface for design purposes, it seems

adequate to employ the coefficients calculated in the preceding sections,

However# if further refinement will bo required, an iterative procedure

in the calculations will be needed; such a procedure has not yet been

well developed.
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4-13 lo•te of Evaporation and a Coefficient of Mans Transfer

The evaporation from the surface of a heated, wet airfoil is a dif-

fusional process *!i-h occurs Within a thin boundary layer of air on the

surface of the airfoil. At any point of the interface between the water

film and the boundary layer the vapor on the surface is assumed to be in

eqailibrium'with the water. 1  Accordingly, the vapor pressure t a point

on the surface is the pressure of saturated steam corresponding to the
temperature of the water' at that point. At the m6derkte temperatures en-

countered in the present applications the concentration, or vapor density,

is proportional to the vapor pressure. The diffusional process occurs be-

cause the concentration on the heated, wet surface exceeds the concentra-

tion anywhere else in the bouuidary layer, the vapor in the boundary layer

being convected away by the air.

If the temperature disteibut.io4 ýAoross the boundary layer ts uniform,

or nearly uniform, a local coefficient of mass transfer may be defined by

the equation,

• ~ ~mf b~pe vl (4-3,5)

where [Mi" = lb/hr ft 2, [b3 = ft/hr, and [ v3= lb/ft 3. Subscript v

is for the vapor, and subscripts s and 1 refer, respectively, to the

interface with the water film and the outer edge of the boundary layer.

Equation ) j3 is further discussed in Section 5-7. At present, only the

evaluation of the coefficient b is of interest.

ITn fact, there is a small difference (Ref. 114).

2 Throughout this manual it is assumed that the water film tempera-
ture, along any normal to the surface is uniform. Therefore, this tem-
perature is equal to the local skin tempersturs and is reXerred to as
the surface temperature. The aseumption is Justified by the facts that
most of the water film is thin, that it is well stirred where it is
thickest (in the area of impingement), and that the conductivity of water
is fairly high.
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h-l4 Relationships batween Heat Transfer and Mass Transfer Coefficients

Like a coefficient of heat transferi the coefficient of mass trans-

fer depends upon many factors. However, the amount of experimentation on

mass transfer coefficients is relatively meager. Basic experiments on

evaporation from the surface of a body Tith internal heat sources seem to

have:been performed only by Powell and Griffith (Ref. 108). Basic experi-

ment.0 on evaporation in high-speed air streams were reported to be non-

existent as late as April, 1953 (Ref. 95). Recently, Coles and Ruggeri

(Ref. 33) performed sublimation experiments using ice in high-speed streamsh

An extensive bibliography with abstracts on various aspects of this subject

appears in Ref. 64.

1Fortunately, the principle of similarity has provided useful relation-

ships between heat and mass transfer. While they still require further

experimental verifioatipn, particularly for high-spe.ed lflc, results of

their application in the present design problem, as well as in'othersp

have shown-that these relationships have considerable merit. They are

nresented here in brief; additional information can be found in the works

of Mickley (Ref. 95), of Jakob. (Ref. 63), and of Howarth (Ref. 62)6

4-14.1 The Manton N4uber and a Modified Stanton Number

The dimensionless group formed by dividing the Nusselt number

by the product of the Reynolds and Prandtl'numbers is called the Stantoh

number:

h

This number is very often used to correlate coefficients of heat transfer

as a function of the Reynolds and Prandtl numbers. For example, Eq. 4-26

can be written in the form,

IThis is the dimensionless coefficient employed in the present appli-
cation by Hardy (Ref. 54) and others. Hardy denotes it by kh.
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.- 0= 0.332 - .- ) s - u

A similar dimensio-nJhss group, which so far has no standard name,
arises in mass transfer problems. In this manual it will be called the
modified Stanton number:

b1Ns) b (h_38 1(N St mod -a T'(-3-
0

4-14.2 Application of the Principle of sinilarity

The principle of similarity, which is the root of all model
experiments and analog techniques, simply expresses the. fapt that cor-

relations of experimental results of asy two phenomena ýjhat can hVe mathe-
matically.: described by the same differential, equations with the same
boundary conditions, coincide in a system of corresponding coordinates.

In general, the differential equations descriptive of heat and of mass dif-

fusion differ considerably (Ref. 95); also, the boundary conditions are

somewhat different. However, it happens that'when water evaporates into
an air stream relatively simple expressions can be introduced as good

approximations to the true variables. Further, the difference of boundary

conditions is insignificant in most cases, so that the principle of simi-
larity may be employed. Experience so far has indicated that for practical

purposes in engineering the inexactness is nagligibI.,y. small, and the two

phenomena, namely, heat transfar from a dry surface and evaporation of
water, are treated as though they are physically similar processes.

The importance of this is that the Stanton number and modified

Stanton number of' two geometrically similar airfoils in physically similar

conditions of flow2 have a simple relationship, which is expressed here

in the formn

Ilf the quantity h/'vy in Eq. 4-36 were replaced by a one-letter
symbol, say, a, the simillr~ty would perhaps be more apparent.

Zrhat is, the same airfoil shape, the same angle of attack, the same
Reynolds number, and so forth.
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(NSt)mOi I -St (4-3

where I is a dimensionless quantity to be evaluated in the nexý two

sections. Further, it appears that since temperatures and temperature

differences in the present application are not excessively large, Eq. 4-39

may be employed even though both heat and mass transfer occur simultaneously

on one airfoil.

4-14.3 Evaluation of I

In accordance with the principle of similarity Eq. 4-26 written

for evaporation becomes

(NSt)mod-O 0.3 4  / .\ .if (&4-4o)

where NS,, the Schmidt number, replaces the Prandtl number. Just as the

Prandtl nnuber is the ratio of the kinematic viscozity to the thermal dif-

fusivity (k/ýo ), so the Sch.,Idt number is the ratio of the kinematic vis-

cosity to the mutual mechaniqal diffusivity D of water vapor in air. it

follows from Eq. 4-37, -39, and -40 that

N 2/3

Now, Npr - 0.74; the value of NXS usually employed is 0.60, which seems

to be based on a value of D given by the International Critical Tablen,

and this value seems to be.due to Mache (Ref. 86). It follows from Eq. 4-41

that 1 - 1.12. Jakob (Ref. 63, p. 591) gives 1.06, and Hausen (Ref. 54,

p. 422) gives 1.O04 for the v&.lue of l

However, more recent experiment- on the diffusivity of water

vapor in air were performed by Schirmer (Ref. 114) and Surmerhays (Ref. 122).

Their values, found in quite dissimilar ways, are in good agreement with

each other and are higher than the values of Mache. Schirmer correlated

his results by means of the equation,
1.81

D 0.865 (29.92) T (4-4i2)p
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where C]D - ft 2/hr, [p] = in.-mercuryJ and ET= "R. The pressure p

is the total pressure of the mixture of air and water vapor. When the
diffusivity is calculated according to Eq. 4-42 and the kinematic vis-

cosity is taken from Table A-2, the value of the Schmidt number ( v/D)
is found to be 0.525, independent of the prossure and virtually constant

in the range of temperature+ from 32 to I40OF. &bstituting this value of

the Schmidt number into Eq. L-48, we find that = 1.22, a value con-

siderably higher than any of the above-mentioned values. Obviously, further

checks on the relationships of heat transfer on wet and dry surfaces, in-
cluding experimentation on the diffusivity of water vapor, are needed.

At the present time a compromise value is recommended: Ilam - 1.1.
Hence, from Eq. 4-39 and the definitions uf the Stanton number and the

modified Stanton number,

= 1.1 hl am (h-.3)

rcp

where p is the average heat capacity of the air per unit volume.

4-14.h Evaluation of Iturb

In the turbulent boundary layer, unlike the laminar boividary

layer, the ratio (NSt)mod/ANt depends slightly on the Reynolds 'number.

Callaghan (Ref. 29) recently studied the turbulent boundary on a flat

plate in an approximative wuyp using a modification of the Prandtl con-
ception of the turbulent boundary layer. He concluded that in a wide

.range of Reynolds numbers, Iturb decreases somewhat as the Reynolds num-
ber increases. Based on N = 0.60, the quantity iturb has thu approxi-

mate average value 1.O5.

Had he employed NSo = 0.525, he would have roun+d that Itrb

is about 1.08. Further, if he had employed the Karmnn analogy instead

of the Prandtl analogy, he would have found values of I between
turb

1.01 and 1.03, depending upon the Reynolds and the Schmidt number..
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Coles and Ruggeri (Ref. 32), experimenting with ice deposited by

condensation on a flat plate in a high-speed wind tunnel, also found that

I turb (for sublimation) decreases slightly as the Reynolds number increases.

They found no influence of the 'ach number up to No = 1.3. Their average

value of Iturb was 0.90. However, the surfaces were rough and the ab-.

solute values of Nst and (Nst ) mod were considerably higher than the pre-

dicted values for smooth surfaces.

Spielman and Jakob (Ref. 121) performed evaporation experiments

with porous stonds arranged as a flat plate. If, as the authors remark in

the closure of their discussion NNu = 1.26 (N ) and their correlation
(No mod

is modified so that N5s = 0.525 instead of 0.59, the value obtained for

Iturb is 0.96. Again, the heat transfer coefficients were considerably

higher than those expected on a smooth surface, and the roughness of the

stones uay have had an influence on the results. Maisel and Sherwood

(Ref. 87) obtained similar experimental results in the same way.

In view of the semi-eiqhirical nature of the Prandtl and Karman

analogiss, they cannot be expected to distinguish between a few per cent

in the value of Iturb. The experimentally determined values of Iturb

on flat plates have been obtained with considerable difficulty, and then

only for apparently rough surfaces. Further, information is Jaeking

about the influences of Pressure and temperature gradients. For these

reasons it is recommended that for an airfoil I be taken equal to

1.0 until more accurate knOwledge is obtained. It follows that

b 1.0 'turb04)

rp c

This is the so-called Lewis relationship.

4-15 Evaluation of Mean Coefficients of Heat Transfer h

Pointwisa calculations require much time. Often it is sufficient to

find approximate mean values of the surface temperature and the heat load.

Mean coefficients of heat transfer are needed for such calculations.
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Whenever it is possible to use an equation of the typicajl form,

h = C s-n (4-45)

for local coefficients, the mean coefficient of heat transfer along the

length s, denoted by F(s), is related to the local coefficient h at

the point distance a from ths leading edge by

"h h (14-46)

0

Equations 4-26 and -29 would have the form of the typical Eq. 4-45 if UI

were uniform, It is recommended. (Ref. 89) that U be replaced with the

mean velocity U given by Eq. 4-7. The numerical coefficients of
M

Eq. 4-25 to -30 can.then be replaced withivalues determined by FEq 4-46,
These alternate numerical coefficients are given in Table 4-1.

Table 4-1 NUMERICAL COEFFICIENTS TO CALCULATE
MEAN COEFFICIENTS CF HEAT TRANSFER

Equation No. Coefficient

4-25 o.664

4-26 0.572

4-27 o.106

4-28 0.037

4-29 0.033
4-3Q 0.990

By direcb integration of Eq. 4-46, taking h from Eq. 4-22, the

mean value R(Sc) on the leading edge is given by the same expression as

Eq. 4-22 with the exception that the coefficient 2.06 changes to 0.515
and s goes to s,, subscript c referring to thu profile distance treated

as a cylinder. The distance sc, or Sc/L, may be determined by the inter-

PRotion of Eq. 4-22 and -26 in the NNu, /L-plane or of Eq. h-24 and -27

in the h, a/L-plane.
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In general, the mean coefficient on the surface extending from s si

to a = as is

=(s~h)s) - sih(si)(h
E~i)= .(4-47)

5j -si

For example, assuming an abrupt transition at distance Str, the mean co-

efficient on the heated length aH is

SOSH 0+ [ 8 tr ilam(Str) - S0hlam(S)]

"+ [sturb(-H)- str turb(str)]}H (4-48)

where subscripts "lam" and "turb" mean that the expressions for the

lamrinar and turbulent boundary layers, respectively, should be employed.

A similar expression can be written for a non-abrupt transition. It may

happen that s is relatively short; then the first and third terms inc

the bracea may be neglected and the calculations are further simplified.

Further, if satr ' short, and thedistance covered long, it will be satis-

factory to assume that only turbulent heat transfer occurs.

Of course, if more accurate mean values are desired, Eq. 4-22, -26,

and -25 or Eq. 4-24, -27, and -30 could be plotted and integrated by any

numerical or graphical procedure. Often it will be desirable to have a

plot of h versus s at hand; a planirneter may then be found moat con-

venient.

4-16 Coefficients of Heat Transfer on lhternal Surfaces of Ducts

In the next few sections the heat transfer in circular and non-circular

ducts will be reviewed. Then some results of direct measurements on double-

ukin heaters will be discussed.

4-16.1 Cir'cular Ducts - Fully Developed Turbulent Region

A large amount of experimental evidence shows that heat transfer

in the fully established turbulent region (NRe,,d- 10,000; see Section

2-1.2) of long circular ducts (LIDd ; 60) is virtually uniform and can
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be calculated by means of the equation,

0O.8 •N; -9
NNuD 0.023 " NH.,(d
N d Ree d _r

Where R au,D - hturbDl/k, ReD _ and U is the mean velocity

in the condi' t. In this section the quantity hturb represents the in-

ternal heat transfer coefficient in the region of fully developed turbulent

flow, subscript d refers to the duct, and Ld denotes the duct length.

Enploying Npr- 0.71 as an average value, Eq. h-49 becomes

NN =0,020 o
dd

The influence of the temperature through its effect on fluid

properties is small. Usually sufficient accuracy will be obtained if the
fluid properties are evaluated at the mean bulk temperature

!• • = (tin + tout)/'(4•I

If large temperatire differences are encountered and greater accuracy is

desired, the fluid properties should be evaluated at the mean film tempera-

ture

tf= (tb + ')/2 (4-52)

where is the, meau surface tampbrature. In this came it is also,

necessary to ek-loy the mean bulk velocity, which is the mass velocity

divided by the density at the mean bulk temperature (Ref. 107).

When the product of the powers of the properties of air with
exception of the density in Eq. 4-51 are expressed as a power function of
the absolute temperature Tb, the equation takes the dimensional form

(Ref. 17):

hturb 1604 5.4 "Tb 8 D-0 (4-53)
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where 0 ' ue w/Ad; [h t j B/hr ft = F, Ttý = ,[G3 rt 2 s

and [Dd] = ft.

4-2.6.2 Non-Circula- Ducts Fully Developed Turbulent Regime

The coefficient of heat transfer for ac2r flowing inside non-

circular ducts in the range of iully developed turbulence ( NK ,•10,000)

also, may be calculated with good approximation by means of Eq. L4-50 or -53.

It is only necessary to replace Dd by the equivalent diameter$

4 x cross-sectional area
e perimeter

For a flat rectangular passage (high aspect ratio) the equivalent diameter

is practically twice the length of the shorter side. In general, the

inception of turbulence in non-circular ducts occurs at Reynolds numbers

less than 2300.

Experiments by Washington and Marks (Oef. 130) on heating air in

rectangular ducts are in good agreement with predicted values using the

eqivalent.,diameter when NRe jD 15,000. However$ for ducts of high

aspect ratio and .NReD 15,000, values predicted by Eq. L-55 are sub-

etantially higher than their experimental values. Kays (Ref. 69) per-

formed experiments heating air in ducts of aspect ratio 5.85. In the

range of NR. from 3,000 to 10,000 the experimental values lay 24 ,oer
cent below the values predicted by Eq. 4-50. Similar results were found

by Bailey and Cope. (Ref. 5) in the range of N from 3,500 to
RO,De

27,000 with ducts of aspect ratLio ranging from 1 to 7.4.

Drexel and McAdams (Ref. 38) correlated results from the litera-

ture and found that they deviated from the valiles of Eq. 4-50 by 1 10 per

cent when the coefficient is changed to 06021.

Pinkel (Ref. 107) reports on numerous tests performed with

rectangular and triangular tubes. For NRe,De 10,000, Eq. 4-49 is in

good agreement wi'h the experimental results.
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4-16.3 Average Internal Coefficients in Ducts

The duct length Ld has an effect on the mean coefficient of heat

transfer because of the transition in the entrance region of the tube. The

local coefficient decreases in this region, approaching the uniform value

in the region of fully developed turbulence. The nature of the flow in the
inlet depends upon the shape of the entrance, the Reynolds number NReDO,
and the temoerature distributions on the duct walls. Boelter, Young, and

Iverson (Ref. 19) parforrmd experiments to determine the mean coefficients
of heat transfer in straight round tubes with various inlet condition3.

Their results in the range of Reynolds nunbers from 26,000 to 56,000 and

for ratio Ld/Dda* 10 may be represented by an equation of the type 9

d)ht~ (4-55)

-where hm is the integrated mean coefficient with respect to the length,
h tur is the coefficient in the fully developed turbulent region. and C

is a constant depending on the shape of the entrance. For a straight heated
tube -preceded by a bell mouth, C = 0.7. If the bell mouth is. replaced by
an unheated 90" bend, C = 7.0. It should be noted that ducts in aircraft

are .. ldo.s.traight neglect, of . effect o IIs undoubtedly one of the reasona

why measured distributions.of duct air tesierature have been consistently

-lover than the calculated distributions. V4 lues of C for other shapes

may be found in Ref. 19 and 91.

For a sharp-oedge entry. and Reynolds number above 10,000 VcAdans

recommends r . 007
hi= hturb L+ r (.4--6)

These mean coefficients of heat transfer should be erpl'oyed with

the logarithmic mean temperature difference. Thus, the rate of heat trans-

fer to a duct of uniform cross section and of umiform surface teirperature

ts is

q h..(rDLA) (At)a (L-57)

DOete [t -- - Lta(Ld) -i"t
(lta)m taA t .1 (4-58)

In ta(rd) - tý
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mnd the quantity t&A is the air ternperature at the inlet while ta(Ld)

is the air temperature at the end of tho duct of length Ld.

4-16.4 Heat Transfer in the Transition and Laminar Ranges

McAdams (Ref. 91) presents heat transfer data in the transition

range for air flowing in round ducts. It will be noteced that when

Ld/fld = 5 the transition is very gradual. But when Ld/Dd = 60 the tran-

sition is rather abrupt. The dip in the correlation is less extreme for

rectangtlar ducts (Ref. 38); also, the inception of turbulence occurs at a

lower Reynolds number.

At very low Reynolds nurbers the flow in a duct may be laminar.

For a general discussion of this subject the reader my consult Ref . 63

and 91. This type of flow could possibly occur in extremely finr double-

skin passages. However, all known test data on double-skin heat exchangers

indicate that within the practical limits of the application the flow becoess

turbulent within a relatively short distance from the inlet to the passageways.

L 4-17 Double-Skin Heat Exchangers

The hot air in the passages is in contact with only a part of the netal

conrising the outer skin. The adjacent tarts where the inner and outer

skins are fastened receive heat by conduction from both the inner and outer

skins. If the bond between the two skins has low thermal resistance, as

should be tLhe case, the inner skin serves as an extended surface like a fin

and contributes to heating the outer surface.

Also, if the bond is goodi some heat is transferred from the air in

the distribution duct. If this heat transfer rate is high, it will be ef-

fective in keeping the outside surface warm. However, unless a separate

supply duct is used, the air teriperature may be reduced so that by the time

the air renches the tips of the wing its effectiveness in passing through

the double-skin passages will be inadequate to prevent icing.

In. discussing the heat transfer to the outer skin, an effective co-

efficient he based on the following equation will be enployed:

q" = he(ta - to) (4-59)

where q. is the rate of heat transfer per unit area of the outer skin, ta

is the local temperature of the air inside the double-skin passages, and
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t is the local surface tanper.ture. Thus, h is a coefficient based on
unit area of the outer skin and includes all the effects of conduction through

the metal skins and their joints. The true local coefficient of heat transfer

inside the double skin based on unit surface area of the corrulgated walls
-ill be denoted by ha.

a
fn the next two sections, the actu•al coeffici~ent of' heat transfer ha

and the coefficient hd inside the distribution duct are discussed. In fol-

lowing sections relationships between ha and he are developed, because

h rather than ha is needed in nany of the subsequent calculations.

4-18 Evaluation of the Actual Coefficient h in Double-Skin Passages• a

Double-skin passages are non-circular and may be treated as outlined

in Section 4-,16 .2 The critical Rmynolds number is reported (Ref. 16) to be

less than 2000, even as low as 1300 in trapezoidal passages (Ref. 18) and

1000 in passages of the type shown in Fig. 1.N2(g) (Ref. 127). These low

critical values are probably, due to the shap6s of the passages and the

rough, or! sharp-edge, construction of their entrances.

Hardy and Morris (Ref. 55) performed experiments on the type of pas-

sages 3hovm in Fig. 1-2(f). They found that locam coQfficients of heat

transfer decrease in the direction of the flow, approaching a constant value

at a distance of' about 25 equivalentý d#aaters from the inlet. Boelter,

Johnson, and Sanders (Ref. 16), found a similar result for the passages shown

in Fig. l.-2(e) when the entrance to the passages was streamlined. The same

sort of results was reported for several configurations tested by Boe]ter,

Young, and Ivarson (Ref. 19).

Hardy and )orris correlated their data in two parts, the entrance region

and the fully developed turbulent region. The correlations are, redpectively$

=eO1 5 ( e h01 0.782 T f a(14-6o0 -60a)

f

rind

h = 0.025 a -D ha =0. 614 T•-'262 00,8 D-0.e (4-61, -61a)
f

where [0.J lb/sec ft2  and [8D [D~el ft. Charts for the solution of
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these equations appear on Fig. A-8 and -9 in the appendix. It ma be noticed

that the coefficient in Eq. )-61 is 25 per cent higher than the coefficient

in Eq. 4-50. A reason for this difference ray lie in the authorst analysis

(Section 4-20.2) of the effect. of the conduction in the inner skin and of

the contact resistance between the two skins. The results reported by other

investigators (Ref. 16 and 127), fall within about 15 per cent of the cor-

relations by Hardy and Morris. Neel (Ref. 98) recommends that Eq. 4-60 and

-61 be employed where data on shapes other than that of Fig. 1-2(f) are un-

available.
It my. be assumed, without serious deviation from the value s = 25D

reported by Hardy and Morris, that fully established turbulence begins at

values of s/D determined by the intersection of the lines of constant
5 e

Reynolds number, according to Eq. 4-60 and -61, as plotted in Fig. 4-12.

The intersection for different Reynolds numbers is shown by the dotted line.

Based on this assumption, the beginning of fully established turbulence

moves forward as the Reynolds number increases, The. chart may bc found con-

venient to evaluate ha.

A comparative study by direct test of three kinds of double-skin heaters

(Ref. 101), namely, the corrugated., spaced, and the dimpled types shown in

Fig,. 1-1, indicate that the highest rate of heat transfer can bi obtained

with the dinled type. At a given rate of air flow, the heat transfer for

the divpled s|•in was 21.5 per cent higher than for the spaced type; at a

given pressure drop it was 12 per cent less*

Finally, it should be remarked that the heat transfer in Lhe double-.

skin passages depeiids upon the curvature of the airfoil profile, the tenpera-

ture distribution on the walls of the passages, and the shape of the inlet.,

With th6 exception 'of the shape of the inlet they seem to be of secondary

inportance, and satisfactory results are obtained even if one neglects them.

According to 4ef. 16, a major effect of a sharp-edged entrance is to increase

the heat t ansfer in the pasegee ana to delay the eatnblishehnt of a fully

developed turbulent region,. that is, to prevent the coefficient from attain-

ing a uniform value. Inspection of Fig. 4-12 indicates that the h-at trans-

fer near the inlet is at least twice that of the section where the nornal

velocity profile is established. In heat exchanger design turbulence
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inducert-a uod Wu mihiLu.1i heat transfer coefficients equivalent to those

at the entrance throughout the passage. The dimpled skin mentioned above

is one approach to atfliýirig this phenomenon in double-skin passages. Greater

exploitation of turbulence inducers in double-skin psa•sages would appear

to be well worth wehile even though upecific tests to determine the effective-

ness of the configuration would be required.

4-19 Heat Transfer Coefficients in the Distribution Duct

The air in the distribution or D duct shown in Fig. 1-1 loses heat
by conduction through the false -par and the inner skin. Regarding the cor-

rugations, Neel (Rf. 98) recoemends using the follo wing correlation which

is based on the limited data of Ref. 55t

0.6

0.30 (14-62)
hdfe (Gd!e)

k

"where De is the equivalent diameter of the duct. In the case of a smooth

inner skin using spacer strips (Fig. 1-2(c)) or a duct liner (Fig. l-2(a)),

Eq. 4-50 may be enployed.

4 -20 Relationship between the Actual Coefficient h and the Effective

a

Coefficient h

As already mentioned, on aocount of the spanwise conduction in the

inner skin and the heat convection in thp D duct, the effective coeffici-

ent h is different from h The general relationship nay be expressed

by an equation of the type

he aF h (4-63)

where F is a dimensionless factor whiczh depends upon the geometry of

the skins, the metal, the contact resistance, and the coefficients of heat

transfer on the rixterior surface, inside the passages, and in the distri-

bution duct. In Ref. 12b and 127, it Is Aesuined that the heat transfer
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area of the inside surface of the inner akin is practically as effective

as the area of the outer skin in contact with the air in the passages, and

the authors take F = 2. The test data presented in Refý 127 correlate

closer with predicted values when allowance is made for resistance to heat

flow in the inner skin. The more conservative value of 1.5 was employed

in Ref. 100 because it was found thet the bond between the inner and outer

skin was imperfect. To reduce the time of performing preliminary design

calculations, it is recommended that a constant value of 1.5 be used.

Where more accurate values may be required, one of the following expressions

for F should be employed.

)4-20.l Approximations of he/h& based on Extended Surface Calculations

Jonas (Ref. 66) developed an approximative solution for F by

assumirng that (1) the bond between the inner and outer skins is perfect,

(2) the duct side of the inner skin is perfectly insulated, and (3) heat

is conducted only spanwise in both the inner and outer skins. The first

assumption is seldom satisfied in practice;. The second assunption may

be made if the coefficient hd is omall with respect to ha or if Ln
insulating type duct liner is used. The third assuzption is employed so

that the problem can be studied in two dimensions; but, in fact, Jonas

uses a one-dimensional analysis. The results of his study indicate that

for the types of corrugations ordinarily employed, the outer-skin conduction

and convection play a minor rcl in determining F.

In the paragraphs that follow an analysis similar to Jonast work
!.s developed. It allows for an imperfect bond. Jonas' assumption that

the duct side of the inner skin is perfectly insulated is retained. Use

is made of his result that the heat transfer in and on the outer skin

plays a minor role, and it is assumed that the skin temperature is uniform

spariwise. It should be observed, however, that as the thermal resistance

of the bond increases, spanwise conduction in the outer skin becomes of

incresing importance. The f cllmn theory failo comlotely if the bond
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allows no neat to pass through it, and it may he supposed that the joints

will have been made with sufficient care so that their thermal resistance

will not be excesaively high.

Figure 4-13 shows the cross section of a rectangular corrugation

and the nomenclature that will be employed. A trapezoidal or sinusoidal

corrugation can be analyzed with appropriate definitions of a and b.

Since the duct side is insulated, hd 0- . The distance xe is an equiva-

lent thickness of air representing the thermal resistance of the bond (see

Section 4-20.3).

In order to treat the corrugation as a one-dimen-ional fin, it is

imagined that the outer skin is stretched and bent over as indicated by

the dotted line in Fig. 4-14. Here, the inner skin is like an extended

surface between twy heat sinks at eqaal temperature t5 . However, unlike

a true fin, the bond is imperfect so that the temperature tc at the

root is greater than ts.

It is apparent in Fig. 4-13 that the heat transferred per unit

area of the outer surface is.

q11-- ha (ta - t)• + (4-64)

where q. denotes the sparmise heat conduction on one corrugation, one
foot in length chordwisA.

If the fin in Fig. 4-14 were at a uniform temperature to, it
woiild receive. heet at the rate h a(a , 2b)(ta - t c). However, some paths

of the fin are at temperatures higher than to, and so only a fraction of

tbhn heat is actually picked up. This fraction, denoted by i and

called the fin effectiveness, may be evaluated by means of the equation

(Ref. 63, p. 235),
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c• a b

where kc is the thermal conductivity of the skin and Y its thickness.

Hence,

!qC - ha(a + 2b)(ta - t6) (4-66)

This heat must flow through the thin air layer representing the

thermal resistance. Therefore,

ka (C- a)
qc = xe (tc - ts) (4-671

where ka is the conductivity of th Air at an average teoperature. Elimi-

nating tc from Eq. 4-66 and -67,.

, .~ta -tqc (4-68)

ka (ci- a) -,ha(a + 2b)

$ubstituting this expression for qc into Eq. L-64,

q" hal c "ha "e 1

a+
ka~l -,a) •(•a+ 2 bc

Comparing. Eq. 4-59, -63, and -69,

F h (4-70)
c h x

ae 1

k (i. - K+ 2
a c

IThe function tanh x ( e x - e'X)/ (ex + e'X). Its values can be

found in almost any engineering handbook or ordinary collection of mathe-
matical tables.
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If the bond is perfect, xe = 0 and

a + + 2 (h-7l)

This equation is in good agreement with Jonas' results and is considerably

easier to use. If the bond is a perfect insulator, xe = co and Eq. 4-70

fails to apply because it neglects to account for the fin effect of the

outer skin. In this case it appears that if a l 0.7 c, the value of F

is at least 1.0.

The above analysis can be extended to the case where the duct

side of the inner skin is uninsulated2  However, the result is rather

clumay to employ. The analysis of Hardy and Morris (Ref. 55), presented

in the next section, accounts for the heat transfer from the air in the

distribution duct in a simpler though less accurate manner.

4-20.2 Approximations of he/ha based on Uniform Temperature of the

Inner Skin

Hardy and Morris (Ref. 55) found from their measurements that

the difference tc - t s was virtually uniform for each rate of flow

passing through the .experimental heat exchanger. They based their cal-

culations on the asaumptions that the inner ard outer skins reach uniform

teiperatures at average values t and t', respectively. It is as

though they had assued that the 4orductivity of the skin in the spanvibe

direction is infinitely great. Thus, with reference to Fig. 4-13, they

come to the following four equationsM2

The hcat transferred directly to the outer skin is

a

=haa - t) a (4-72)ha ta -ts)

IHauger (Ref. 56) has investigated the uninsulated case using an

analog computer.

2It my be observed hare as mell as elsewhere that the thermal re-

sistance of the retal in the transverse direction is relatively small and
is neglec.ed.
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The heat transferred from the interior of the passage to the inner skin is

q = ha(ta " t 2)(a

The heat tr'ansferred from the distribution duct to the inner skin it

" hd(td - tc)(1 + 2) (4-74)

And the heat transferred through the bond between the two skins is

" " kaq2*q3 -x• (tc - ts)(1 " )(4-75)
2 ~e C

Each value of q" is based on a square foot of the outside surface of the

wing. Similar equations can be written for other shapes of passages. In

this w3y four equations are obtained with the unknowns, ql, q2; q3, and

*cA The first equation can be solved directly for q, and, therefore,

only, the last three need be solved simultaneously. The simplest procedure

is to solve for tc and then to evaluate q and q". When Eq. 4-73)

-74p and -75 aro solved for t the result isI a bbcka
-- + h h(-(l + 2 b)2t-d

e (tt-76)
"c b

e

Finally, the ratio F can be evaluated using
41 +,q; + q
a(a (4-77)

44-20.3 Values of the Equivalent Air Thickness xe

As already suggested, the contact resistanice of the bond between

the inner and outer skins has come to be expressed in terms of the thick-

ness of an air film which would have the same thermal resistance as the

bond, assuming that the heat flows only by conduction through the fIm. In

general, xe depends on the design of the joints and the quality of the

worimanship
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Hauger (Ref. 56) performed interferometric tests on bonds between

flat sheets of 0.051-in. dural and corrugated sheeta of 0.016-in. 24ST

aluminum. The equivalent air thicknesses which he measured are given in

Table 4-2.

Table L-2 EQUIVALENT AIR THICKNESS OF CONTACT RESISTANCES

Description of bond Equivalent air thickness,
x (irl.)

1. Production riveted using rivet gun,
rivets spaced 3 in. on center 0.0127

2. Production riveted ucing rivet gun,
rivets spaced 1.5 in. on center 0.0058

3. Hand riveted, rivets spaced 3 in. on

center 0.0072

4. Cemented, using EPON VI adhesive 0.00097

5. Spot welded, using overlapping spots 0.00086

The test panel used by Hardy and Morris (Ref. 55) consisted of

two sheets of a l4ght alloy fastened by rivets. The authors' foud .values

of k /x varying from 43 to 69 B/hr ft 2 F. This variation may be due
a e

partly to the approximative nature of their analysis, partly to the varia-

tion of the air flow through the gaps, and partly to the oversimplification

of using an equivalent air resistance. Employing their average value,

namely, 55 B/hr ft 2 F, the equivalent air thickness would be about

0.OO35-in., which is in fair agreement with Hauger's values.

A recent investigation by Barzelay, Tong, and Hollo (Ref. 7) on
thermal conductance of various aircraft Joints indicates that the contact

resistance in any one of them cannot be simply represented by the con-

duction across an air film. The reason is that the radiation, the metal-

to-metal conduction, and the air-film ccoduction are interdependent. In

particular, the radiation makes xe dependent on the temperature level in
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a mainer which cannot be accounted for simply by the variation of ka with

t i.mperature.

Accordingly, the values of xe found in Ref. 55 and 56 should be

regarded as qualitative, showing the relative thermal conductance of the

various joints. It is believed, however, UhaL calculated results 'based on

thu~ i~$~11hacatioaet~yfor +.- pr~erp~~ nurrose.

I4-20.4 Recohimendations regarding Evaluation of the Itatio h'ha

'There is insufficient evidence to say which of the several sug-

gested methods is most accurate In evaluating the ratio F. It is believed

that both methods described will give results which are satisfactory. The

method by Hardy and Morris has the advantage that it estimates the rate of

heat transferr.d from the air in the distribution duct.

Some calculations were carried out so that values of F could

be compared. The basio daLa Ue11 te asno othoce employed by Jonas (Ref.

66, Fti- 2)2

Temperature of exterior air 0F

Local temperature of air inpassageso t 350'Fa

Outer skin thickness 0.O00 in.

Inner skin thiclkness, Y 00020 in.

Outside local coefficient of heat. transfer, h 15 B/hr ft2 F

Local coefficient of heat transfer inside
the passages, h 6 PT/hr ft 2 F

Conductivityr cf the metal. k 120 B/hr ft F

Height of passage, b 0.125 in.

In addition, the following Jata were assumeda

Surface temperature, t 806FC

Local temperature of air in the duct, td 4506F

Coefficient. of heat transfer in the duct, hd 3 B3/hr ft 2 F

Equivalent air thickness of contact resistance, xK 0.006 in.

Conductivity of air at mean tenperature of
Joint, k& 0.020 B/hr ft F
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Pitch of corrugations, c 2.5 in.

Width of passage, a 2 in.

The results are presented in Table 4-3.

Table 4-3 COMPARI$0N OF VALUES OF THE RATIO F hu/ha

Source of calculation Assumptions 7

(I) Jonas'. graph Perfect bond; spanwise oonductic in 1.60
(Ref. 66, Fig. 2) both skins; inner akin ins~ulated on

duct side.

(2) Eq. 4-71 Perfect bond; spanwise conduction in 1,63
inner skin only; inner skin insulated
on duct side.

(3) Eq. 4-70 Imperfect bond; spanwise conduction 3.43
in inner skin only; inner skin in-
sulated on duct side.

(h) Eq. 14-7t Imperfect bond; heat transfer from 1.63
the; air in the distribution duet.

With regard to the first and second results, the agreement: is
typical of the agreement obtained using other practical values of 4 and
c. This agreement may possibly be fortuitous on account of the particular
passage height and coefficients of heat transfer that have been chosen.

The third result shows the. influence of the imperfect bond.

It is undoubtedly circumstantial that the fourth result, uhich

includes the influences of both the imperfect bond and the heat tranifer
from the 1) duct, is in good agreement with the first and second and not

with the third result. However, even if the inflienc- of thA beat trans-

fer from the D duct had been included in the third calculationj the

value of Y would have been increased from 1.1-. to 1.46. Vurther, if
the coefficient ha had been calculated using the conventional Eq. 4-50

instead of Eq. 4-61 based on the data of Hardy and Morris, the third re-

sult would have been I.h9.
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It is obvious that since the method of Hardy and Morris neglects

the effect of finite conductance of the inner skin, it will yield optimis-

tic results. Before using this method the designer should perform some

preliminary calculations to indicate the degree of optimism under conditions

existing in the particular design and should apply a correction factur to

compensate.

4-21 Heat Transfer on the Internal Stagnation Region

The shape of the entrance to the double-skin passages has a signifi-

cant effect upon the heat transfer at the internal stagnation region. Since

a great variety of entrance shapes is possible, a systematic investigation

on the effects of several shape parameters is required. Only a relatively
small amount of information on this subject is in the literature and general-

ization of this information must await further experimentation.

Trihus and Tmssimri (Ref. 127) report on measurements of an average

cefficient of heat transfer at the internal stagnation region preceding

the entrance to the passages shown in Fig. 1-2(g). The antrances had a

round 'hapo as shown in Pig. 1-1 and were located about 3/8 in. from the

stagnation lines; the fl•rr -was evenly divided between the upper and lower

heat exchangers. A rather small amount of data was obtained. The arith-

metic m=an of the air and surface tenperatufres wa3 about lh60F. Introducing

the influence of the temperature on the basis 'that the flow in the stag-

nation region is laminar and basing the correlation on half of the combined

air flow in lb/hr ft-span of both the upper and the lower heat azchangers,

the authors' correlation may be represented approximately by

hst = 0.069 Tf- (;) (4-76)

Further generalization is not possible at the present tine.

Poelter, Johnson, and Sanders (Ref. 16) measured average coefficients

of heat transfer at the internal stagnation region of the sane type of

heat, exchangers but with passages of the type shown in Fig. 1-2(e). The

distance betreen the two lips of the rounded inlet was ahout 1/)6 in, Ex-

perimental results may be represented by thr, equation
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0.5( -79)
st 0. Ti (;,) (

Rezoving the round lips and veasuring the coefficienb for the sharp edges,

which were spaced about 3/A in. apart, the uuthors obtained values 30 per

cent lover than the values given by Eq. h-79. However, the local coeffici-

ent in the passages with the sharp-edge inlets were about 10 per cent

higher than those in the passages with round-edge inlets.

On account of the limited axperiszntal set-tups enployed, these equations

should be applied with caution to other than the conrfigurations embraced by

the investigations.
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Chapter 51 MASS BAUNACS OF WATER ON A HEATSD AIRFOIL

5-A. Effective Operation

A thermal anti-icing system will be said to perform affectively when

the rate at which water accumulates on the surface by impingement is equal

to the rate at which the water leaves the surface by evaporation, no ice

being present on the surface. This statement is the basis for the mass

balance developed in the present chapter.

The heat required to aemporate the water comes from the double-skin

heater and from aerodynamic heating. This subject, the heat balance, is.

dealt with in the next chapter.

5-2 2r Anti-Icing

The area of impingement is considered to be completely covered with

a film of water which usually is flowing aft at each point on the eurface.

If the rate of heating is high and the rate of impingement not too severe,

it may happen that no water flows beyond the area of impingement. Under

these conditions the mnti-ising is said: to be "dry", and a system designed

'for complete evaporation on the area of impingement is called a "dry anti-

icing system".

The heat input rejuired by a dry anti-icing system is quite sensitive

to the rate of water impingement. These systems require high temperatures

avd high rates of heat transfer per unit span.

.5-3 Lnback and the Surface-Wetnesse Fraction

At high rateo of impingement, some of the water in the surface film

flows aft, out. of the region of impingement. This flow, called runback,

does not occur as a continuous, sheet but in the form of thin rivulets.

The water of the rivulets may evaporate if sufficuisnt heat is conducted

from the double-skin heater t~irough the outer skin of the airfoil, or if

the air speed is high enough to provide considerable aerodynamic heating,

or if both these conditions prevail simultaneously. However, if the rate

of impingement becomes more severe, the rivulets may flow farther aft to
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a region where the amount of heat they receive is not sufficient either to

evaporate them or to keep them in the l]iquid state, and there they may

freeze.

Consider a long line drawn spanwise on the wet surface of a wing. The

ratio of the wetted length to the total length is called the surface-wetness

fraction e . Of course, in the impingement region its value is 1.0; but

in other regions it is less than 1.0. Averages of some typical values of

e obtained on a particular airfoil are shoen in Fig. 5-1, which is taken

from Ref. 98. Quantities a and sa are the limits of impingement;

hence, the abscissas are distances measured downstream from the end of the

impingement area. It is believed that the values on this curve may be

used to obtain satisfactory results for other airfoils. Notice that the

runback falls Off sharply reaching a value of about 0.2 at a distance

of about half a foot beyond the limit of impingement. Therefore, it is

important that a large part of the water be evaporated on the leading edge;

otherwise, the runback may extend excessively far aft.

5-4 Wet Anti-Icing
The term, "wet anti-icing system", refers to a system designed on the

basis that the surface temperature be at some preselected value Rreater

than 32'f. This type of design is seldom employed today upileas the air

speed is sufficiently high so that aerbdynamic heating provides a large

amount of thermal energy and the shape and size of the object are such

that heat can reach a large portion-of its surface at a moderate rate per

unit area. These systems are found to be more sensitive to the air tempera-

ture than to the rate of water impingement.

5-5 Evaporative Anti-Icing

A more rational approach to the problem is to consider a mama and

heat balance on the entire surface or at each point on the surface. The

latter procedure is the more accuratA one; usually a compromise is reached

by considering heat and mass balances on several divisions of the surface.

Since dry or wet anti-icing systems can be considered an special cases, and
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since they can he analyzed by the same methods used in the analysis of

evaporative systens, only evaporative systems will be considered in this

manual.

It will be assumed that the chordwise heat conduction along the skin

has no influence on any water that may run beyond the heated area. It

.wi~l be. necessary to consider whether aerodynamid friction alone, behind

the double-skin area, is adequate to provide the heat necessary for

evaporatilLg the water. Accordingly, the chordwise heat conduction in the

skin may oe considered to provide, in a sense, a margin of safety.

5-6 Mass %alance on an Elemental Area of Profile Length As

A two-dinensional wet wing having a spanwise length of one foot is

considered. On an, elemental surface area of profile length 6s ex-

tending from s to a + As, as shown in Fig. 5-2, the rate of water

impingement is W" * (/s • 1). The rate of evaporation from the elemental

area is m" - (As 1 1) - e . Quantities W", m", and e depend upon a.

The quantity e is the surface-Wetness fraction discussed In Section 5-3;

it is equal to 1 wherever W" - 0. The methods for calculaLing W" are

treated in Chapter 3, and the evaluation of mni is a subject of later

sections in the present chapter.

It may be supposed that some Viater f£lows in the film along the sur-

face. If the' rate of flow per unit length of span at position a be

denoted by w', then the rate of flow at position a + As may be denoted

by wf
d,

Equating the rate at which water ccmz: t" 'the elemental surface to

the rate at vhlich water leaves$

.Wit As + w' = eM" As + (W, + dw s

Simplifying,

"- e m " dw t - -- l)
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This equation shows hoV the rate of water accumulation with respect to

distance along the surface depends on the local rates of impingement and

evaporation. It is based on steady-state conditions; that is, icing arid

flight conditions are assumed to be steady, and the rate of flow and thick-

ness of the film at every point are assumed to be independent of the time.

On the region of the surface near the forward stagnation point, W"t

will usually substantially exceed mi"; therefore, in this regionr the rate

of water flowing in the film would increase with increasing lenFth. Pay-

ther downs'reaa there may be a region where W" , m"; there wl remains

uniform.- Farther along the surface, the evaporation rate may exceed the.

rate of water interception, and the rate of flow in the water film diminishes.

Beyond the area of imingement, W" 0 and wt decreases at the rate

- m m" until, finally w' = 0 and the film ends. Integrating Eq. 5-1

and taking w'(o) - 0,

w.,e) f (W,- .em") da (5-2).

In a performance analysis of an anti-icing system to determine whether it

is effective, the integration is carried out on the upper and lower sur-

faces until the values of s are reached where w' = O. If icing is en-

countered along the way, the design must be modified.

5-7 Further Considerations of Evaporation Rates

InSection h-13 a coefficient of mass transfir b wa• definbd by the

equation,

Of" = b - ev,i) (-35)

This equation is satisfactory at high botal'pressures of the air-Water-

vnpor mixture and small temperature differences. To use the coefficient

b for other circumstances, however, Eq. 4-35 must be modified.
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5-7.1 Evaporation Rate in Terms of Partial Pressures

Within the ranges of vapor pressures and temperatures encountered

in the present application, it may be assumed that the water vapor behaves

like a thermally perfect gas. This allows the thermodynamic properties of

the vapor to be calculated as though the air were not present. It also

allows and l to be evaluated in terms of the partial pressures

of the vaport

'~Pv

?vW (5-3)

where R= 85.8 ft lb/ibm F = :1.213 ft3 in.-mercury/lb_ F is the gas con-

tAJnt of water vhpor and v 1b/ft 3 . Hence, Eq. 4-35 may be written,

bm"= (p -p P ) (5-)

This equation is satisfactory if the partial pressure of the vapor is very

emall compared with the local static pressure, that is, at low altitudes,

S5-7.? Influence of Induced Convection

The sum of the partial pressures of the air and :vapor is:.virtually

uniform across the boundary layer along any normal to the surface..: There-.

fore, if the partial pressure of the vapor is decreasingi the partial pres-

sure of the air Is increasing, and the aii. diffuses toward the surface,

But since the air cainnbotpenetrate the surface, a counter convection of

the air occurs which carries with it additional vapor. Analysis shows

that Eq. 5-h ean be modified to allow for this additional transfer of tiass:
jp 1

b v,s - PV,I 5~
v v __V

Pl

p1

Then P,,, is much less than pI, which usually happehs at low altitudes,

particularly whena the surface temperature is low, Eq. 5-4 and -5 are

practically identical.
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The induced convection also influences the diffusion frouk the

mathematical viewpoint, because it affects the boundary conditions which

the solution of the differential equations of motion and diffusion must

3atisfy. However, in the case of the evaporation of water, as in the

present application, the quantitative effect is minor; for this reason,

the principle of similarity may be applied to calculate mass transfer

rates from heat transfer rates as in Section 4-1.5.

The -hange of mechanical and thermal properties of the air due

to the presence. of the vapor is very small, and may be neglected in the

present applicationi

5-7.3 Influence of Non-Uniform Temperature across the Boundary Layer

When the temperature of the surface is much larger than the

temperature at the outer edge of the boundary layer, as often happens in

thermal anti-icing, Eq. 4-35 may possibly give unsatisfactory results. 1

Jakob (Ref.! 63) has therefore recommended that Eq. 5-5 be modified by

replacing T with the arithmetic mean film temperature Tf. The result

is tha4

p1

b . Pvs "Pvjl (51

pl

Equation 5-6 has yet to be checked by experiments on evaporation to an

airstream from a wet surface heated from below. However, in the limiting

cases of low pressure differences and small temperature gradients, it is

in agreement with the simpler equations presented above, which have led

t• •atisfactory predictions in the past, not only in anti-icing problems

but in other fields as well. On account of this agreement, and because it

allows for deviations from those limiting cases, Eq. 5-6 *ill bc employed

as a basis for design and analysis. In Section 5-40, Eq. 5-6 is brought

to a more convenient form to facilitate the calcu).3ions.

1 This is an effect other than so-called ,,thermal diffusion", Which
is mentioned, for example, in Ref. 95.
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5-8 Supersaturation and the Evaluation of pv 1

With reference to Eq. 5-6, it has already been remarked that pV's
is the saturation pressure of steam at the temperature ts. The vapor

presoure p vl could possibly be assumed to be the saturation pnessure

at the temperature ti. However, a considerable amount of evidence indi-

cates that an alternative procedure is required.

As the fog passes over the leading edge of the airfoil, its pressure

decreases and the water vapor expands. The expansion may be considered

isentropic. In an enthalpy-entropy diagram of the stream, the state point

of the steam would start at the saturation line and descend into the

region where the liquid and vapor would ordinarily be in thermodynamic

equilibrium. If they were in equilibrium, the droplets would grow by

the process of condensation. The fact is that the water vapor does not

condense;.it seems that there is insufficient time for this process to

occur. Experience shows that the vapor condenses when it reaches the so-

called Wilson line. This is an experimontally determined characteristic
of steam coinciding approximately with the line of 3.5 per cent moisture

(Ref. 133) as shown in Fig. 5-3. This figure is a reproduction of a small

part of the Mollier steam chart in Ref., 72 to which the Wilson line has

been added. As can be seen in Fig. 5-3, relatively 3arge isentropic pres-

sure changes would be needed to reach the Wilson line from saturation.

Since such changes usually lie beyond the range occurring in the present

application, more vapor is expected during the expansion than is predicted

by equilibrium calculations. The pressure of this sa'called supersaturatad

vapor is somewhat in excess of the vapor pressure of saturated vapor at the

temptraturi of the supersaturated vapor and the lines of constant pressure

are disturbed from their equilibrium positions shown in the diagram.

Hpence, it is assumed that no water condenses, that the constituents

behave according to Dalton's law of partial pressures, and that the vapor

pressure, like the pressure of any inert constituent, changes in proportion

ICalculations regarding fog in thermcdynamic equilibrium can be con-
veniently carried out using the enthalpy-entropy diagram devised by
Hensley (Ref. 60).
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to the local absolute static pressure. Briefly,

P1
PVI = P- P* (5-7)

5-9 Specific Humidity or Humidity Ratio

The thermodynamic properties of a mixture of airI and water vapor are

conveniently ex-pressed in terms of the speciific humidity, or the humidity

ratio, which is the ratio of the vapor density to the air density. Also,

irates of evaporation may be expressed in terms of the specific humidity.

'or all practical purposes the specific humidity may be evaluated by means

of the relationship of state for thermally perfect gases and Dalton's law

of partial pressures. Thus,

Since pa p p -Vp and MaRa = KVRV, Eq. 5-8 becomes

My Pv

Subscript a refers to the dry air and M denotes the molecular weigbt3'

p denotes the sum of the partial pressures. Equation 5-9 may be used to

calculate the specific humidity of a mixture when the vapor is either

superheated, saturated, or supersaturated. Values of t for saturated

air are presented in the graph of Fig. 5-. for qbsolut.e pressures from

'The term "air" used in the phrase ,mixture of air and water vapor"

always refers to the part of the mixture that is dry air. The terml "sata-
rated sir" means a mixture of air aid dry, saturated water vapor, or water
vapor on the verge of condensing.

The liquid water in a cloud contributes very little to the value of
ile th.noldlynaic properties. U "less otherwise specified, the specific
humidity of a cloud will include only the saturated vapor, the liquid
water content being excluded. Of course, the liquid water contant is
very important in considering the rate of water impingement.

2 Employing Mv =1.ui60 and Me I 28.966 (Ref. ll1), the ratio

Oa = 0.622.
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10 to 32 in.-mercury; also, values at pressure altitudes of 10,000 and

20,Q00 ft are plotted. Goodman (Ref. 118) has tabulal'ed values of (A) in

the ranges 22(1)32 in.-mrrc•iry and -40(1)2C00F. When a difference of to

corresponding to a small temperature difference is required, xt may be

necessary to use calculated values of 4) instead of values from the

graph.

5-1O tion Rates in Tema of Specific. Humidit

Employing the relationship MRo = MR, and Eq. 5-7, Eq. 4-9 may be

"written in the form,

R,, = b • _-Pv,_s PO PL (-.

The fraction ahead of the braces is the density 6f air in lb/ft 3 at pres-
sure p, and temperature Tj; denote it by- Since the mximum

static temperature of the main stream in the present application will be

low, Pv, * Pc' and the product (Mv,o)/(MaPo) can be replaced by

to 0. Hence,

m" P.Lo LP V_ P (5-11)=,- b(•a,1)f ts " %jp,5 o-1

For low altitudes and small differences between temperatures Ts and TI,

Eq. 5-1l reduces to

m"=b alflOs- Lo] (b W2)

This is equivalent to the expression employed by most investigators.

In Section 4-14, it was shown that a coefficient of mass transfer could

be written in terms of a corresponding coefficient of heat transfer. Elimi-

nating b from Eq. 4-39 and 5-12 and noting that pa • fo (consistent

with previous assumptions), 
\&

I hrPI Pi
in" = I •hi t°js " * l t~ (5-13)

m p -,a L-•- 1• 7
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where I has been taken to be 1.1 and 1.0, respectively, for the

laminar and turbulent boundary layers, and 0 - O.24 B/lb F.

It is apparent that for any given ioing and flight condition, the str-

face temperature T as wall as the coefficient h must be known in orders

to determine m". The next chapter shows how the distribution of the sur-

face temperature Ts along the airfoil profile may be calculated.

WAD.r TR $4-313 230



Chapter 6. HUT BALANCE ON A WET A! RFOIL

6-11 Heat Balance on an Elemental Area

In order to determine the performance of a given thermal anti-icing

system, a heat balance is required for each elementa! area of the surface.

It wil!. be convenient to write the heat balance by applying the First Law

of Thermodynamics to a typical elemental system comprised of the outer skin

and the water film, represented by the region AEFD in Fig. 6-1. Being thin

and of high conductivity, the metal skin and water film have high conduct-

ances compared to the inner and outer surface conductances. Thereforep dt

may be asnmaed that sections AE and DF are isothermal.

Thermal energy enters the element through the sux'face 17 at the rate

q• (As * 1) by convection from the hot air in the heater. The water

droplets impinging upon the surface AD come practica~ly to rest and the

thermal energy they bring with therr enters the system at the rate
W"1(iw, o4t. (As 1). Subscript Wo refers to the watpr in the super-

cooled cloud at temporature to; subscript tot refers to the total or

stagnation condition. Thus, (i ) is the sum mf the static enthalpy

of 'he water plus the thermal equivalent of the kinetic energy of the

water droplets relative to the airfoil; the static enthalpy is referred to

saturated water at 326F.

Thermal energy is also carried into the system with the flow in the

water film through the section ABj longitudinal conduction in the water

is neglected since the film is relatively very thin. Assuming uniform

tempeoature Ts through the depth of the film, the rate is w? , i, s

Water leaiing through tha section DC carries energy at a rate Twich may

be representod bi wt i + sd (WI • iw, ) • As.

Heat, also i:s carried away from surface AD by convection in the

boundary layer. The net rate in excess of the aerodynamic heating is de-

noted by q1 ' (As 1).

Thermal energy is carried away with the evaporating vapor from the

surface AD at the rate m" iv( e • ,s • 1) where e is the surface-
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wetness fraction defined in Section 5-3. The quantity i is the enthalpyV's

of saturated vapor at the temperature Ts

The net rate of heat conducted longitudinally through the skin is

d
2 t-k •Yak -d- a .

Some heat leaves surface AD by radiation. However, the rate is

relatively small because the temperature lavel is low. Therefore, this

rate will not be considered any further in the heat balance.

Equating the sum of the rates of energy entering to the rates leaving
our elemental system, simplifying, and solving for q",

• d2t

q" = • ÷ Si 8vs wo tot d (w w,s + k s Ys f

(6-1)

Each of the terms will be evaluated, and Eq. 6-1 will be brought to a more

convenient form for calculationas. We begin wibh the next to the last

term.

WAS

The enthalpy of the water is conveniently represented by

a =. (T - 492) (6-2)

where c = I B/lb F. It follows that

d dw' dT
ca wja 1 ds Cp,w d-s-

Substituting for dw'/ds fror.1 Eq• 5-1,

TdT

as WI osd PW d

( iw, W"cp (Ts 492) -m" iv 1 +cp w a (6-4)
rADC 5-31 8 PW

am~ TU 54-313 233



6-1.2 Evalu.attion of W" (I i tot

Evaluation of W" is treated in Chapter 3. The stagnation en-

thalpy of the impinging water depends on the local velocity at which the

droplets strike the surface. Those velocities can be determined from

water droplet trajectoiies. For example, Ref. 81 presents the distribution

of velocities on cylinders. Howeverp distributions of impingement veloci-

ties on airfoils have not been published. Since the kinetic energy of the

droplets is small compared with other quantities, the stagnation enthalpy

can be conveniently expressed with sufficient accuracy for design purposes

in terms of the free stream velocity. Accordingly,

U2

(iwouttisCin(To - 492) + 0 (6-5)

Mien' U° is in ft/sec, 2gJ = 50,100 ft2 lb/sec2 B,

6-3 3 Evaluation of Cw"i

Quantities F and m" have been considered in Chapter 5. The

quantity i depends only upon the temperature T .I In general,

i* v= ws (e5

v i + (6-6)

where A is the latent heat of vaporization and subscript s refers to

the temperature T Values of ) are tabulated by Goodman (Ref. h8) and

Keenan and Keyes (Ref. 72). Goodman presents the following linear expres-

sion which represents the latent heat within 0.25 per cent in the range

of temperatures from -LG to 14OF:

10=io93-:o.55 t: (6-7)

6-1.4 Evaluation of q's

The net rate of heat transfer by forced convection is piven by

Eq. L-2.

-The spanwise temperature is assumed to be uniform even in the region
of runback where the airfoil is only partially wet. The low thermal re-
sistance of the outer skin tends to keep the temperature wniform.
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6-. Sim lification of Equ~ati n 6-1

Substititing from Eq. 6-2, -4, -5, -6, and 4-2 into Eq. 6-1 and

collecting terms,

q"'h (Ts Tl- r+ 2gJc

p(w pa a o

dT 2
+ 2c p M- kYsk ds (6-)

ds

If the surface temperature is uniform the last two terms are

zero. The assumption of uniform temperature has frequently been made to

expedite the calculations and to arrive at a preliminary design. Measure-

ments (Ref. 127) indicate that close to the stagnation region and in

regions aft of the impingement area, the temperature gradient is practi-

cally zero. Between these two areas, w' is probably sufficiently small;

so that the next to the last term becomes relatively unimportant. In

this manual the last two terms will be omitted from Eq. 6-8. However, it

is possible that if they were retained their influence on the results could

be accounted for by an iterative method of calculation. Such calculations

are excessively time-consuming and unwarranted for ordinary dcsign purposes,

In o•itting the last term, the conduction in the sici n is neglected.

Boelter, Johnson, and Rubesin (Ref. 16) have performed calculations to mak.j

compartsons between solutions in which the conductivity is zero, finite,

and infinite. They found that the solution for finite conductivity approaches

tVne solution for no uouduct1in, except where cerLain large changes of the

coefficient of heat transfer occur or where a change of wing structure oc-

curs. The procedure of the more exact solution Is very tedious, and the

authors recommend the assumption that the chordwise conductivity is zero.

The assumption of infinite conductivity gives uniform chordy-ise temperatureq

but this result is not in good agreement with the more exact calcuihtlon.

Introduivng the expression for m" from Eq. 5-13 and onitting

Lt di, Lwo Lerms from Eq. 6-o0.
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h T -T I + h P*

psa p 5 O P-"P

+ W"1c (T - To)- • L• (6-9)

6-1.6 Further Simplification of the Heat-Balanne 'Luation

Before continuing with the calculations It will be desirable to

hAve Eq. 6-9 in a more suitable form. The form used here is patterned

after that of 'Messinger (Ref. 94) 1 and Tribus (Ref. 124).1

It will be convenient to define a function,

f f•(t,p,I) F . F(t'.I) (6-10)

where.

F(t,I) = I (6-11)
p.,a

These functions are both dimensionless. This coefficient is plotted agaipst

t with I as parameter, in Fig. 6-2. The tunction f(tp,l,) is repre-

sented by the solid lines in Fig. 6-3. They cover the range from 10 to

3:. in.-mereuryn curves are also shown for pressure altitudes of 109000 and

2?G000 ft. The uppermost dotted line represents the function f(t,10,1.05).

The difference Af is uniform. Curves :for I = 1.05 at other pressures

KThese authors give corresponding equations for subliming surfaces

and for surfaces covered. with ice-a,,ater mixtures, as well as wet surfaces.
In particular, Messinger treiits the unheated 6arface. Subliming surfaces
are of little interest in anti-icing calculations; surfaces covered with
ice-water nixtures may he of interest when analyzing an anti-icing system
.tl operation under severe ioing conditions. Since only "effective operati on)
(Section 5-1) is our goal the subliming swrfaces and the surfaces covered
with ice-water mixtures are not considered in the present nnual.

Sinc.- th.c Jnflvonce tf he 1st-rlt hea.. ,f fusion has been omitted
from the derivaLion, Eq. 6-9 should not be employed unless ts - 32"F.
References 9L or 12h should be consulted if it is desired bo study cases
where ts is less than or equal to 32*F.
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would lie at equal distances 6f below the corresponding solid lines.

They have been omitted to keep the diagram cloar. Curves for f(t,!O,I.O)

would lie at 2 Lf below f(t,lO,l.l), and so forth.

Equation 6-9 may now be wriLten in the following way after factor-

ing h from all terms:

"" hT r + e f(tep9PCv,

To 0 PI pvp. a 70

U rU\o +

Upon placing

z- o + ( ÷ e" f(to,PloI)] (6-13)

and

q. 6-12 may be *ritten,

q" = h~ZsaTs 8 zo0To - )(6-16)

For most practical purposes, and particularly for low speed, low altitudes,
ajid small temperature differences, it may be assumed that PI = 1;Pl- Ps ý'o
then z becomes independent of t and assumes the same form as z..
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6-2 Heat Transferred from the Double Skin

Equation 6-16 has two unknowns, ts and q". Therefore, inother equa-

tion is needed. This is obtained by considering the air flowing through

the double-skin heater. Having neglected conduction in the outer skin, we

may write to a good approximation for small As,

7; Am~ !.T T(s)-T (8)] + (s+ AS).. T 's +As)]} Ats (-

where the bar designates the effective mean value in the interval from s

to s + ns, and subscript e refers to the effective coefficient discussed

in Section 4-20. Since T also is unknown, another equation is needed.

This is obtained from a heat balance on the air flowing from s to

s÷ As:

= Cp3 a Tas) -Ta s)J+ L(a)l])

Neel (Ref. 98) describes an cdectric analog calculater which solves.

Eq. 5-16.9 -17, and -18, or their equivalent, simultaneously. Gray (Refo. 9)

has provided charts which also may be employed to 6btain corresponding re-

sults, In thd next section a stepwisc nunerical method is presented for

desk-type calculations.

6-3 Numerical Calculation 6f q", TR, and Ta

The method presented here is a sbepwise procedure. Figure 6-4 is a

diagram of the upper or lower double-skin heater. A span 1 ft in length

is considered. it is imagined to be stretrhed into a straight conduit.

Also, it is supposeod that coefficients of heat transfer on the inside and
outside surfaces have been plotted according to the relpt-HonblIps presented

in Chapter i,.

If h in Eq. 6-17 includes the effect of convection from the distri-

dution duct, q4 may be evaluated using Eq. 4-7h. If e is based o• the
assimption that the inner skin is insulated, j = 0.
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Starting with A the inner stagnation point (a point op0osite the

entrance to the double-skin passages) the chordwise length of the heater

is divided into a numbar of sections AB, BC, etc, not necessarily equal.
The number of sections is arbitrary, as will be mentioled later. As the

number of divisicon is increased, the calculation time is made longer and
the accuracyis improved. A check of the accuracy can be madb by increas-

ing the nwinber of divisions until no changes are found beyond an arbitrary

allowable amount. The calculation starts with the stagnation point A.

6-3.1 The! Starti _ Values

At 'he stagnationipoint the tewverature T is known; 1 it is,
aA

the temperatujre of the air supplied to the passageways, at their entrances,

Thus, T5A iv equal to the local spanwise temperature td in. the distri-

bution or supply duct. The local coefficients of heat transfer on the
outside and inside surfaces are hA and hA, respectively. From a heat

1 Evaluation of TA is treated in Section 6-4.
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balance at the Section A,

q" = h (z T - z T -A) (6-19)
A 'P sAsA A o A

and

qA = hA (TM - TSA) (6-20)

Eliminating q" and. s3olving for TsA

T A TG A + ZoA To.+ OA
TsA GA + sA

where

A =A (6-22)"OA- 11A

Equaeion 6-21 can be solved for TA by trial and error using the chart

of Fig. 6-3 as another relationship between Ts and z.. With TMA known,

the rest of the calculation proceeds in tha manner described below.

6-3.2 Continuing the Calculation
_ft

Consider the division AB. Upon eliminating q o s froln Eq. 6-17

and -18, placing

- e•AB SAB (6-23)

a p,a
wheke •eAB is an average coefficient along the inside surface area •ABwhe e)Bi a vrpeceA13'

and solving for TaB in terms of TSDI

T "kB T - HAB T +/' "AB---T (6-214)

This equation allows T to be calculated whicn T'B is known, the quanti-

ties in parentheses being known consbants for the section AB. The above-

mentioned reutriction regarding the number of divisions is that Ls must
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be chosen so that H -1 1 in all intervals. Usually, it may be found most

convenient to allow the divisions to terminate at the end of the laminar

regime, the end of the transition, and so forth. Further, small intervals

near the leading edge are needed in order to attain good accuracy.

Treating Point B in the same manner as Point A was treated

in Section 6-3.1,

T G R T aB + z oB To 0 + .BTsB 0 (6-2B)

Substituting for TaB from Eq. 6-24 and solving for TsB,

H [ AB • 1- HAB \
STo+ TA T +o1+ T-''AB aA 1 + To B

T AB ..... (6-26)
+ + G

1.13 1.+1AB

This equation is basically of the same type is Eq. 6,21 and may be solved,

also, by trial and error. Only two or three trials are needed to find the

solution.

Equations similar to Eq. 6-24 and -26 can be written for divisions

BC, CD, etc, by permatation of the subscripts. By solving each set of

equations in succession the distribution of temperatures T and T cana aca.
be found. Finally, the rates of heat transfer can be o~tained by means of

Eq. 6-19 or -20. The integrated rate of heat transfer should be in agree-

ment with

q'(s) p cpa FTaA- Ta() (6-27)a aA a

at the end of each step.

"6-3.3 Unheated Surface

Beyond the double skin) the air velocities along the inside sur-

face are small and relatively little heat is transferred. It may be assumed

thiat in this region q" = 0. Then, from Eq. 6-16, for cany point on the
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unheated surface

z T + 9T= (6-28)

e z

6-3.4 Dry, Heated Surface

Simultaneously with the stepwise temperature calculations, it

will be necessary to calculate w'(s) by means of Eq. 5-2. This procedure

shows whetler all the water is evaporating.

If all the water is evaporated before the end of the heated

length is reached, a dry, heated reog.i. occurs and Eq. 6-26 reduces to a

simple form. For example, if Point D lies in such a region, then

STs+ ÷ Ta0j * TlD + D
S= 1 CD(6-29)

ODD (1 .DTs + I+H_ c+TD+Q

CD

This equation gives TSD directly, no trial and error solution being

needed. It will be found that surface temperatures in this region will

be relatively high on account of the lack of cooling by evaporation. It

is Important to investigate these tatperatures because during light icing

conditions they may possibly exceed the allowable skin temperature when

the rate of &ir flow and inlet temperature are high.

6-4 Preliminary Calculations

The success of the anti-icing system depends upon the selection and

control of the inlet temperature T and the rate of flow per unit span

wt. Before performing the stepwiso calculations of the previous sections,
a

these qu:intities should be estimated to reduce the time of calculation.

For this purpose the following plan; based on an over-all mass and heat

balance, is suggested. The calculation begins with a rough approximabion

of the average surface temperattwe required to evaporate the water before

it runs back out of the effectively heated area. This average temperature
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is later enloyed to estimate tho ovar-all rates of heat loss and, oonse-

quentlyj the rate of heat input.

6-h,,l Average Surface Temperature
5

An average surface temperature may bw calcuiated by means of

Eq. 5-13 and Fig. 5-4. To simplify the calculaion, the ratio of the

pressures appearing in the second term of the brackets of Eq. 5-13 may be

taken equal to 1.0. Then using averfeko values,

m

W, = - + U) (6--30)
0

Npa

The quantity m , the average rate of evaporation per unit area, is dis-

cussed in the next section. Entering Fig. 5-4 with the calculated value

of and the absolute static pressure of the flight altitude, t may

be obtained from the abscissa of the chart.

As an alternate procedure Eq. 6-30 may be further approximated

by means of the equation,,

:' v.s MP + (6-31)
p PQ t,

b0622 - Pv
i ~pa

ppa,

which is obtained by neglecting pv in the denominator of Eq. 5-9. The

approximations which have been made give least error at low altitules0

iiowever, for the preqent purpose they will give adequate results at all

altitudesi since these results ar,,,e to be checked by the stepwise calcu-

lations. In Eq. 6-31 [r"] =l b/hr ft 2 , [ 3/hr ft2 ,, and

mercury. When v has been calculated, t may be found in Table A-3.

Introducing I - 1-,.2 and c = 0.2b, the factor

0.622 I/c[),a = 2.90, as used by Messinger (Ref. 94). It is based on the

asý;tption of laminar mAss transfer, which is probably a good assoxnption

for the lower ;uw'face in most casts. if tlh Lransfer is taken to be tur-

bulent, the valiue 2.6 can he eiployed.
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6-4.2 Ealuation of m

Since methods to calculate • are already treated in Chaprter 4,
it is necessary only to consider how, to find i , Bef are prot..•ding, it

Is noted that m could be regarded as the mean rate of evaporation per
unit area on either the upper or the lower surface. Since the impingement

on the lower surface is heaviest, the plan ib to arrive at an estimate of
the temperature T and of the flow w' required for the lower aurface.
Then the heat requirements of the upper surface can be met with the same
temperature TaA but with a modified rate of flow. Accordingly, in the

ft!

remainder of this chapter, m and E are referred to the lower surface.

There are several methods to estimate R p, One group of methods
may be represented by an equation of the type,

m C-W- (6-32)

where W1 is the total rate of impingement on the lower surface and. sH
is its heated length; m and. are arbitrary fractions which the designer

may choose according to the intensity of anti-icing desired and to his
experience with the results of the stepwise calculations. Some examples
are given belows

(1) If c= 1 and P= sI/sN, a dry system is planned in
which all the water would be evaporated on the area of impingement. As
mentioned previously, such a system would require high temperature8, higý'
rates of flow, or both; ordinarily it would not be. employed.

(2) If cc and f/= 1, it is planned to evaporate all the
water on the heated area.

(3) If m• <l and 1= , it is planned to evapoeate a fraction

of the water on the heated area and to allow the remainder to be evaporated
b:y aerodynamic heating. The same rccuit is obtained by taking or 1 and

.7-1, which would mean that it is planned to evaporate all the water on
an area somewhat larger than the heated area. In these ca,'es the ratio
'!,3 should probably Oe 0.' cr 0.9.
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Other meth:-ds may be used wnich are modifications of those pre-

sented. For example, the influence of the partially wetted surface could

be included. Another group of methods has been based )n assumptions regard-

ing the surface teaperature; the length of the heated area is subsequently

adjusted, Whatever the method adopte6d, as the preliminary design procedure

is made more complex, it takes l.i.ger time. Since any final configuration

should be analyzed by means of the stepwiee calculation, it is recommended

to keep the procedure as simple as possible. If the results of the pre-

liminary calculations are found to provide excessive or inadequate heating)

the stepwsea calculations vill show what ad.justment is needed to improve

the performance of the system. Modifications of the performance calculations

required by the adjustment can be made with little difficultyp using the

results of those celculations as a guide.

6-4,3 Total Rate of Heat Transfer

With the average surface temperature t known, the total heat

loss from the wing may be calculated. This loss is made up of three main

parts, namelyj (1) the sensible heat loss to the water, (2) the rate of

heat loss by evaporation, and (3) the net rate of heat transfer by con-

vection. They will be denoted for a unit span by qj, q•, and q , re-

speotively. The third item accounts foi the aerodynamic heating. The

kinetic gain from the impinging droplets can be neglected from the pre-

liminary calculation because it is relatively small., ,Accordingly, the

total rate of heat transfer por unit span is

q .+ q2 + (6-33)

These items are evaluated in the next three sections.

6-L.h SensLble Heat Trazvsfer to the Water

The rate of sensible heat transfer per uinit span to the implngang

water is

q' = Wtc P,w s o- t0) 6-3h

Of course, c,,, = I D/Ib F, and t is the ambient air temperature.
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6-65~ Heat Loss by Evaporation
The rate of heat loss by evaporation per unit span is

qt-= R 's - (L) • a (6-35)

where Aa is the latent heat cf evaporation at the average surface tem-

perature s It is satisfactory to employ \'B = 1050 B/lb as an average
value over the temperature range oncountered in the present application.

6-4*6 Net Heat Loss by Convection

Neglecting any change of temperature outsLde the boundary layer,

the nut heat loss by convection per unit span is

qL 2gt ) (6-36)

where U0  is the airplane speed in ft/aec; however, if an average speed

is used to calculate S, then the same average value may be used instead

lof Uo.' A convenient rule of thumb to calculate the last term in the

parentheses of Eq. 6-36 is to doiible the square of the speed in knots

divided by 100, the result uses 0.844 as a basis and has the

unit, Fahrenheit degrees.

E-L4. Determination of TA andaA a

The final step in the prelimrna-y calculation is. to seleot a de-

sirable or allowable value of either w' or T and to determin.u the
a

corresponding value of the other quantity. The following relationohips

exist between them. The heat transferred per unit span is

-a p,a NA- Ta(SH)] (6-37)

where Ta(sH) is the temperature of the air at the end of the heat -x-

changer. Also, since the surface tomperature is assumed uniform,
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qa( e).. In a

The difference between q' in Eq. 6-33 and a4 in Eq. 6-37 and -38 is

the heat transferred from the air in the distribution duct. In many cases

the difference is relatively small and may be neglected so that q1 my

be placed equal to q'. Further, Fe represents an average effective heat

tranufer coefficient based only on the heat transferred inside the passages.

As already suggested, for the present purpose it may be assumed that on

account of the fin effect of the inner skin, the effective coefficient is

about 50 per cent higher than the true coefficient a (cf. Section 4-20).

Eliminating T (sH) from Eq. 6-37 and -38.

q? =vr c (T-a (6-39)a a p,aa A

iwhere

Z (6-L)~o
ap A

From Eq. 6-39 and -40, w1  can be calculated if TaL is known or: TaA

can be found If w? is known.; In selecting wY, due regard must be givena al
the pressures available to meet the resistances of the passages,

"In seleoting TA, which ib essentially the local distribution-

duct or supply-duct temperature, an allowance must be made for any heat

losses from the ducts. In systems like that shownl in Fig. 1-3(c) and -3(d),

the duct losses are muior. However, in systems such as those in Fig. l13(a)

and -3(b); the temperature drop along the ducts may be significaiLt, and an

estimate of the spanwise temperature distribution its required. This esti-

mate could be obtained from heat and maus balances on 8uecessive parts of

the distribution system,

In many cases, the heat lost from the distribution system finds

its way to the wet surface, for example, by conduction through structural

members or partitions. That heat, of course, is not "lostmj it merely

WAPO TR 54-313 25o



A•iters the distribution of the total heat supplied. Since the effects of

these losses on the wet surfaces usually would not be appreciable and since

their distribution is difficult to calculate, it is recommended to considor

them as a margin of safety, provided that allowance is made for the sponwise

temperature distribution in the duct.

6-5 General Remarks

The procedures out2.ined above are based on a unit span of a typical

wing section. Therefore, the perfolmance of three or more airfoil sections

Of each wing should be analyzed. In this way the required distribution of

hot air through the system can be calculated.

Having found the system to protect the airplane against specified icing

conditions, the designer may then p'rceed to study the performance in other

icirg conditions, at other altitudes and temperatures, and for other speeds.

Finally,.he will have to consider the controls necessary to provide

the proper rates of air flow and to, prevent structural overheating.. Some
instrtmentation, also, may be needed• for ground and flight tests as well

as for routine flying.
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TABLE A-I

PROPERTIES OF THE STANDARD ATMOSPHERE

Y AM SAI C C 1 "E_ TERM-SPEED OF ISCO CONDUC,-A..LTITUDE PR _UL OENSITY T0EMPEATURE O I "'5TV1SOIN D fITY - ICO_ TIrVITY

(in. (in- (k slug \ N Lt
(ft) u/r w'M' eruy ti) (r (.R) Itl/s... (ot ) (~t stic) ~hr fIF

0 2116 407.1 29.92 2.378 59.0 518.7 1116 660.5 3.72tq 1.5 66 1.462
500 2078 399.8 29.18 2.34) 57.2 516.9 1.114 659,3 3. 716 1.586 1.1157

1,000 2041 392.6 78.$6 2.309 55.1 515.1 111,2 658.2 .705 1.6011 1,453
1,500 ' 2004, 385.5 .21. 3 2. 275 53.6 513.3 95.0 657,1 ' 695 ] z"/ . 4I'4
2.000 1968 370.5 2.7.82 2. 242 51.8 511.5 1108 655.9 3.685 1.6114 1.4114
2,500 1932 371.6 27.31 2.209 50.1 509.8 1106 654.7 3.674 1,66 I 1.1410
3,000 1896 364.8 26.81 2.176 48.3 508.0 1104 653,6 3664 1.684 8 1.434
?,500 1862 M 35.2 26. 32 2. 144 46.5 b06.2 1102 652. 5 3.654 1.704 1. 43)

,1000 1828 351.6 25.84 2.112 14.. 504.1 11t0 651.3 3.644 1.725 1,426
4,500 1794 348. 1 25.36 2.080. 33.0 502,7 1009 650. 2 3.633 1. 747 1.422

,0(0 1760 3)6. 7 24.69 4,049 41.2 500.9 1097 6119,0 3.623 1.768 1.417
5,500 1728 332,4 24.40 2.018 39.w 499,1 1095 647,9 3.612 1.790 1. 112
6,000 1696 326.2 .23.98 1.988 37.6 497.3 1093 646.7 3.602 1.8121 .4.q03
6,500 1664. 320. 1 23.53 1,957 35.8 495.5 1'091 645. 5 ý.592 1.835 1. 40.
7,000, 1633 314. 1 23.09 1.928 34.0 49193.7 1069 644.3 3.581 1.857 1.39,8
7,500. i6v 2 n0a. 2 22.65 1.898 32,.3 4,92.0. 1067 64ý.' 2 ý.511 i.•e U 1 i. "4
8,000 1572, ý32. 4 22,22 L,859 30.5 490,.2 1085 642.ý 1 3.561 1 905 I,.1a8
0.500 15412' N-6.5 6 21.80 1,8110 28.7 ý188 4 1683 6)40. 8 ).550 1, 929 1.3868
9,000 1512' 291.0 21.38 1.812 26.9 1186 6 1081 639.7 3.540 1.951 1.380

9,1500 1483 285.4 20.98 1, 784 25. 1 484.8 1079 638.5 3,529 1.978 1.376

i0,000 1455 219.9 20.58 1. 756 23.3 483.0 1077 637.4 3. 519 2.004 1.372

10, 00 1427 274.5 20. 18 1.728 21. 6 481.3 1075 636. 2 '. 506 1.030 1.367
11,4000 1399 269;2 19.79 1.702 14.8 479.5 1073 635.0 3.498 2.055 .1,.363
11,500 1372 264.0 19. 40. 1.676 18.0 477.7. 1071 633.8 3.487 2.082 1,358
12, f00 1346 258.9 19.03 1.648 16..2 475.9 1069 632.6 3.476 2. 109 1, 358
12'. 00 1519 253.8 .10.65 1.622 14.3 474.1 1067 631, 5 3,466 2,137 '1.349
13,000 11,93 248.8 10. 29 1.596 12.6 472.3 1065 630. 3 3.455 2.165 44•l

500 i1268 213.9 17.93 1.570 10.9 470.6 .063 629.0 3.445 2.494 1.339
1 0 1243 23p. 1 117 9. 1. 468.8 1061 627.9 .4,34 2.223 1. 335

14,1100 12J8 234.4 171 22 1.520 7.3 467.0 1059 626. 7 3,421 2. 252 1, 339

15,000 1194 229.7 16.88 '1,496 5.5 465.2 10,7 625.5 3.11•.3 2.281 1.326
1545,000 1110 '225.1 16.54 1.472 3.7 463.4 1055 624.3 3.402 2.i1 1,321
16,000 1146 220.6 1ij. 21 1.448 1,9 461.6 1053 6-'3. 1 3.791 2,342 1.316
16,500 1123 216. 1 15.89 1.424 -0,4 459.9 1051 621.8 3,380 2. 3711 1.312
17.000 1101 211,8 15.56 1.401 -. 2.2 I158, 1 1049 620.6 .3.370 2.405 1.307
17,500 1078 207.5 15. 25 1. 378 ,-4.0 456.3 1047 619. . 3.:39 2.438 1.33
M,00 1056 203.2 14.94 1.355' -5.8 454.5 1045 .61.2 5.48 2.471 1.298
18,500 1035 199. 1 14.63 1.3)3: -1,6 452. 7 1043 617.0 3,?137 • 7. 503 1. 293
19,000 1014 195.0 14.33 1,311 -9.4 450.9 101)0 615.8 1,326 2. 57 1.78)1
19,500 992.6 191.0 14.04 1.289 -11. 1 449.2 10.8 614.5 3.316 2.572 1 . 24
213o, '972.1• 117.0 13.715 1.267 -12.9 44..4 1036 613.3 3c,35 2,608 1.279

20,500 951.9 183.1 13. 46 1. 46 .-1Q, 47 445.6 10311 612. 1 3. 294 2.644 1.215
21.000 932.0 179.3 13.1 8 1.,25 -16.5 5'43.8 1032 610.9 3.283 2,600 1. i 0
21,500 912.5 175.6 12.90 1. 204 -18.3 442,0 1030 609. 7 3, 272 2,7IF 1.265
22,000 893.3 171.9 12, 63 1. 183 -Ž0. 1 I140.2 1028 600. 5 3.261 67.6 1.260
22.500 014) 1 168, 2 12.)6 1. 163 -21.8 438.5 1026 607,3 3,250 2. 794 1,256
2,q0000 855.9 164. 7 12. 10 1 x !13 -23.6 436.7 1024 606.0 3, 239 2.834 1.21.
23,500 837.7 161.2 11.A4 1.W23 -25.14 434.9 1022 I604. 7 3 228 2.874 1 246
24,000 I 819.A 15W.7 11: 19 1.101 .77.2 433.1 1020 603.5 1.717 7.916 1.2,1
211,500 802 ?2 154.3 1.34, 1 -15 4 31.3?, 1018 602.2 3. 206 2.955 1. 2ZiI

25,000 784.9 151.0 Ii. 10 1.065 - 03.8 429.5 10'16 601.0 3. 195 3.000 1.237
25,500 767.9 te,. 10. 5 1.046 -'2.5 4 27.11 1013 599.8 3.184 5.1 044 2 2

261000 15 1.2 1••1.5 AO 62 1.028 -)4.3 4 26.0 1011 598.s 3.173 ý308C ; ii

27,000 7l8.~ 1'38'.'3 10. 16 0,9917 I I("42. 07 59ýO 3 5 .15 1
21r,0 .501 '02.9 135, 2 9.939 0.974 -3p. 111 20.6 1005 5%q4.4 3 .39 . 1220)
2V,oo0 660.4 132.2 ,.770 0 .957 -4.5 414.8 1003 493.5 I t 28 ' 3 268 7••A
It", 50LI 672. 1 129, 3 4, 54 0.940 I-37 417. 1 1101 12 .27 334 1 7
1, '0,o 6.07, 1 126.4 9. :293 0.9± 9 -45.0 4715. 1 99894. C S, 3o . 106 '. 36 1"'1I
?49,500 642.4 123,6 9.085 0.906 -47. 4•1q.1 96.3 549.6 3,090' 3 1415 , ,110
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TABLE A- I (CONTo)

PROPERTIES OF THE STIANDARD ATMOSPHERE

ALTITUDE PRESSURE DENSITY TEMPERIATURE ;lE 0 OF D A KO I ' N - /'1?nAL'

-, UND0D " TIVITY

p x p103  t T X 10~ 1 X 10 x 0

me( n. - /,,ua9 ,-r) (f(nc
(fI. (lb/ft2 ) water) "-uc ury) (r oc) (kntt) "- --.-

30,000 120.8 8.180 o0.89 -48,6 4'11.? 994.3 508.4 3.0-3 3.468 1. 185
30,500 :613. 8 118.0 .8.680 0.873 -,50.4 1109.9 992.1 bBl.11 3.072 3. 519 1.A80
31, 0'0 1599.9 115.11 e.818 0.857 -.S2.2 408. 1 989.9 585.8 3.060 3.570 1.175
31,500 586.3 112.0 8. 290 0.842 -. 63.9 4106A 987.7 584.5 3.049 3.621 1. J70
32.000 572.9 110.2 8.4101 0.826 -. 55. 7 40|.6 985.6 583. 3.03, 3.678 1. 166
32,500 5,59.7 107.6 7.915 0.810 L57,5 402,8 98,3.W H82.0 3.026 3.7.36 1. 161
M000 516.8 105.62 7.732 0.795 -59.3 '01..0 981.2 580.7 3;015 3. 791 1.166
33,500 5311.1 J.02.8 7.551 0.780 -61.0 391.3 979.0 579.4 3:040, 3.851 . 015
Ili,000 521.7 100.4 7.,77 0.765 -62.8 397.3 976. 8 78, 1 2 9c 3.11 1. 147
3,4500 509.5 98.03 7. 205 0.750 -61,6 395.. 7 91.6 576.8 2.98 i 31.975 1. J112

315,000 497,6 95.75 7.036 0.7$,4 -66.1/ 393.9 972.1 575.11 2.969 11.0341 1.1317
.35.32 1489,8 94.211 6.926 0.727 -67.6 392. 7.. 970.9 574.6 2,96e 41.073 1..134
35.500 485.8 93.51 6.87) 0.721. -67.6 392.3 970.9. 574.6 2.962 11.105 1. 134
36,000 £417,11 91,71 6.711 0.7105- -- 67.6 392.1 970.9 bI4., 0 z. Y6"?. 4.L4 1. 1•4

6, No 1463.2Q 89.1S 6,552 0.688 -67.6 392i) 970.9 5711.6 2.962 4.306 1. 134
17,0 5•;. 2 61871604 .397 0.672 -60.6 392.7 970.9 574,6 2.962, 4.•410 . 1311

17, 441.6 85.00 6. 217 0.1156 -67.6 392.7 970.9 874.6 2.962; 1.516 1..131
48,00 .31..1 82.97 6.098 0.6510 -67.6 392.7 970.9 57116 R.962; 14.625 1.134

68,50 1J21..0 81.01 5.954 0.625 --67.6 392.7 970.9 574.6 2.962', .4,737 1. 1ý4
--39,0 4111.0 I 79.10 d 4.A1• .67.6 ,1392.7 9•71!.6 2.969 4.P 1. 13439,;00 40.1. 77.3 5i .676 0.696 -67.6 392.67 9 5746 2 12.969 i 1.134

no 0,0 391,9 75•.44, 5.540, .582 3-67.6 392.7 571,,6 2.962 5.089 1.134
S :0500 982,6 73.64 5.412 0.568 --67.6 192. 7 970.9,5711.6 2,962 ft. 212 1. 131
0,1,00, ý7).6 71.89 5. 284 0.5,5 1-67.61 392,7 574.6 2 902 5.38 1.1311
41,500 3611.8 10.18 5. $58 0. 54 2 |-67.6 392,7 970.9 574, 6 2.962 5.:4t7 1. 1314
42.000 356,2 68.56 5.U38 0.529 -67.6 392.7 970.9 574.6 2.962 5.599 1. 1311
4 500 47.8J 66.93 Ll.919 0.516 1.676. 392.7 910.9 574A 2.962 15.75 I I.4 •,000 3•}6I65.3u4 .802 0.51)4 1-67.6 392. 7 0.9 570,.6 2.962 21 ,07 1 1.: 13
4)15,00 331,5 63.79 4.688 ,0.40.2 -67.6 392.7 970.9 571.6 2,962 .6,015 1. 134
114,000 323,7 62.29 1. 578 0.410 ,-67.6 392.7 9 5716 2.962 616,1 . 1.134
1ý4,5S0o 316. 1 60.8a 11.170 .10 -67.6 392.7 970.9 574.6 2,962 Clot 2 i . 13

115,000 . 308.6 .59.110 11,365 0.1158 5.6 9, 970.9 5711.6 2.952, 6.462 1. 1311
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TABLE A-2

PROPFRTIES OF AIR AT 29.92 INCH- MERCURY

TEILPFR- VOOCIIY Or D IYNAMIC KINEMAT!C src- •' T c TC- PNANDTL.

A !'01, DY VsIoCNO ' COivC- NU4p CI l

t pX 107 A x ' 1 cp k N F

0 F /se. kriots sit'g~ /t lb/ft
3 

saij/jft sec lb/ft hr jt/lser ft
2

/h4" .9/._b Fl8hr F

-100 9O•. . 550.6 0.003,,,8 0.1103 2,77 0.0321 0,808 0.291 0.239) 0.01045 0.739
-80 05.966 565.? 34'Y8 10445 2..90 336 0, 894' .322 .2393 1100 .736
-60 980. 1 '50o.2 3081 0.09924 3.03 351 0.983 .354 21931 1154 731

-40 I005 195.0 0.00293R 0.09452 3.16 0.0366 1.07v 0.387 2393 0.02208 .728
- 1010 .597.9 A0.1 9341 3.19 369 1.098 .395 23Q3 1221 .72P.
-90 1016 601.5 P86.9 02.32 3.2 373 P 1.122 .41144 2,911 12314 .725
-8 605.0 9126 3.25 376 1, il11 .1112 .23941 12417 .725
-10O 1028 608.6; 204' 9022 3.2u 380 1.170 .421 . 23941 1261 .7241

1-5 1o,8q 612.1 2773 8921 3.31 383 1. 1.91 .429 .2394 1274 .723
-10 10100 615.7 27U2 8821 3.3'4 387 1.218 .1139 22394 1287 .722

-5 1046 618.6 2712 8724 3.37 390 1.213 .4•,47 .2394 130tU1 .721
S10",1 .622.2 2082 8630 3.410 394 1.268 .457 2.2394 131,3 .720

45 105'/ 625.7 2653 8537 3.103 397 1.,..9 . 165.2395 . 313• .719
ID 1o n 1548 8 7- 26126 81446 3.116 101 1.31' .475 .2395 1339. .719
1." 1068 .632.3 S97 8357 3.49 404 1.313 .4483 . 2395 1352 .718
'20 l071o 635.8 2670 8270 3.52 1108 1. ^18 .493 .2395 1365 .717-' 14 2511 8184 3.155 41l 1.3,91 .502 .2396 1378 .716

1085 642.3 2610 8101 3.5. 414 1.2OW .511 .2396 1390 .715

12 1o0p 87 643.5 0 8070 3.68 415 1.U31 ,5114 .2396 1396 .715

35 1090 645.3 0.0020P 0.0 8019 3.60 '0.0417 V 1,. 4V 0.520 0.2396 0.01403 0,714,
40 1096 64.8.8 .21 7"9 3.93 420 1. M73 .529 .2396 11116 ,714
45 1)01 652. 1 2010 7851 3,8.8 421 1.09.9 .540 .2396 1'1!29 .713
50 1107 655.3 21112 7?(1 3.99 4127 1. 52q .550 .23971 141,1 .712
55 1112 658.95 23.941 (10 0. 111 431 1.553 .559 .2397 1454 .711
60 1118 661, 7 7372 7633 3.71 431 1.580. .569 .. 2397 1467 .710
65 1123 664.9 '032 7536 3.77 4 37 1.: ,'o .579 .2398 1479 .710
70 118 P 668.1 21.1 7501 3.80 44'1 ±.6f1 .584 .2398 1.192 .709
75 1131 67). 2 .. 2307 7112 3 3.83 444 2.4161 .598 .2398 1504 .708
80 1139 674. 2261 73U9 3.86 447 1. 688 .608 ,2399 1516 .708
85 11,14 671.16 P054 7259 3.88 1450 1'.717 .619 .2399. 1529 .707
90 1160 680.6 2X? 7230 3,9 '453 1.51."1 .627 2399 1541 .707
95 1155 681. 7 2226 7163 3.9U1 456 1.720 .637 .2100..' 1553 706

100 2i18 686. 7 ,203 .7089 3•1•6 459 2.800 . 6148 .2400 1565 ,766
105 116.1 .689.8 2180 7015 3,99 462 1.828 '.689 .2400 1578. .705
110 ,l170 602.8 S156 0937 11.01 465 1.857 .670 .22401 " 1590 .7011
611 1175 605.9 2149 6915 .0100 16a 1.886 .677 .2401 1603 .704

-120 1180. 699.1 2127 6844 ,1.07 4171 1.911 .681 .2101 1615 .703

140 121.0 711,0 0.o000660.0)6615 o1.1? 0. 04A3 2.03 o .730 0.240ý 0.01663 0,700
160 M20 722.2 1989 f,'441 0I.71 496 2.15 .775 .2405 1 1711 .698
180 1235 731 I 192 6201 113.11 507 2.27 .818 .2468 1759 .696
200 120 '1 142:4h 1,9! 6011 '1. -19 Z.,40 .)3 ,f,,2410 1807 .699I
220 lP73 •75), h lid f , •R 5ý10 2. .12 .908 .2413 1853 .69124102PP 764.9 17 5670 1',: 5142 2.886 .956 .2416 19oo .690

2.0 1311 776. 1 172 5r,117 177 552 0.78 1.004 .2419 1945 .629
280 1334 '789. 1 1677 5363 /,86/ 5641 0.2 1.052 .21422 1990 .688
X300 •yi 796.8 1 W ,5722 • !,.q14 374 ., 1,101 .21426 035 .686
320 Mfgt B0 1. 5 151, 508 15. n.5 585 q. 1;4 1. 15 t .2430O 2079 .605
340 11782 Hit. 1 1.4 973 ,'i. P'j 59b J, 33 1. 20,1, . 24)4 7J222 .6814
,(60 13,99 028.11 Vi ho"O .2, 606 3, ol' 1, 2541 .2439 j iJ66 .683

3140 10116 838.. " 724 ., 3.2 v 616 3,11 1,3306 .2144L| 22."0 .682
4o00 11138 851, 3 1100 46114 9.1 l 62' 3.7 1.358 .2449 2252 .081

"50 9 1 1.9 9. ý 0. 0 0 P.91 0 61 41'4. 0.0675 1.53 1,635F1.6)5 '. 15 0.021457 0,68060 0 15,96 944=.1 AI! 1".'14 _3 2 ,3• 1.930 J .2504• I 06. .6W9
700 186N 9884.0 1063 3421 V?'0 I 14 3 1. 2. 23 7 2 735 I 2841 .68?
800 I VVY 10)80. 0n1.41 3114Q t 1 61 : 7.11 .6 26 3026 6894
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TABLE A-3

PRESSURE OF WATER VAPOR IN EQUILIBRIU14 WITH WATER

SI P • t pt •t Pv

OF in. -mercury OF In.-mercury OF j n.-mercury oF" in, -mercuy OF In. -mcr' i y

-410 0.0055880 .1u 0,037120 :2 0. 1803 68 0.6903 1014 2.1775

- 39 0069204 3 .0300910 33 .1878 69 .71414 103 2. 21429

- 38 .0062686 - 2 040827 34 . 1955 70 7392 .10( 2.3099

-37 .0066379 - 1 ,042809 35 .2035 71 .7648 to'0 2.3786

-36 .0070235 0 .0411862 36 . 2118 72 .7912 108 2.141491

-35 .O07 4 2i) + 1 .04,1017 37 .2203 73 .8183 109 2.5214

- 34 .007854Jl 2 .049250 38 .2292 741 .81462 .110 2.5955

33 .0083118 3 .051593 39 . 2383 75 .8750 ill 2.6715

-32 .0087884a 1 .0514018 , 40 .2141S 76 .9046 1i2 2.74914

- 31 .00928414 5 .06562 411 .. 2576 77 .9352 113 . 2.8293

-30 .0098099 6 .059213- 42 :2617 78 .s9666 934 2. 9±1l

-29 .010359 7 .0619514 43 .2782 79 .9989 U15 2.99110

,020 YIC93A 8' .064829 44 .2891 so80 1.O 21 116 3.0806

21! .01,t544 9 .067800 us 30011 81 1.0664 117 3.1687

2ý .012184 10 .070015 46 .3120 82 1. 1016 118 3.2589

- 28 .012849 11 .074133 47 .,3240 83 1. 1178 119 3.351?

214 .013553 12' .077506 40 .33611 84 1. 1750 120 3.84158
- 23 .0114287 13 .080989 149 .3493 '85 1. 2133 121 3.51427

22 015061 1'¶ .084636 50 .3626 86 1.2527 122 3. 6420

-2 .015813 0 .080430 51 3764 87 1. 2931 123 3.7)436
-Ž0 .016718 15 0923417 52 .3906 88 1.3347 124 3.08475

19 .017609 17 .09641 53 .1052 89 1.3775 125 3.9539

,18 .018537 18 .1068 .54 .14203 9o 1.4215 126 4o.0629

17 .01951i 19 . t0510 55 .4359 91 1.11667 127 14.1745

16 . 020532 20 10967 56 .4520 92 1.5131 128 4. 2887

is 1 .0 21604; 21 .1141414 5 .41686 . 93 1.5608 i 129 U4.10,55

, .4 .022718 22 11936 10 .14858 914 1.6047 130 A.5251

13 .0231892 23 121,51 . 9 .50,5 95 •1.6600 11 1. 614741

12 .025119 2L4 12986 U) .5218 96 1.7117 132 11. 7725
,11 .026396 25 .13536 61 .5407 97 1. 7647 ..133 ,.9005

10 .027137 26 11112 62 .5601 98 1 8192 1311 5.03141

9 .029130 V/ .114705 '63 .5802 . 99 1.3751 135 5. 1653

-8 00596 28 .153214 64. .6009 100 19,325 136 5.3022

7 .032117 29 15961 65 .6222 101 1.9915 137 5.1421

6 .033717 30 16627 66 .61442 102 2.0511 138 5.585,2

I o0'1576 . 1 .17111 67 .6669 103 2.1138 139 .73A16
DO b. HUI i
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TABLE A-4

CONVERSION FACTORS

To convert fron the number of to the ntaber of multiply by

length inch Cm n2.S0

length ft cn 30. 48

length statute mile ft 5280

length i nternationil nautical ft 6076.1

droplet diameter microns ft 10"6.3 281

dropl et d i rreter microns 10-' In. 10"•'93/

speed mph ft/sec 1. 467

speed knot ft/sec 1.f88

speed ft/sec knot O.5•i5

speed mph knot M.OO90

speed knot a'qh 1.151

mass grams lbm 0. 00570

'I mass lbm gram 53.6

mess;denaity s1 up: sl ug/ft 3  
l I b /ftb 32. /7

mass;deslty loIrerIbe/ftf slug;slug/ft 3

liquld ,water content gran/cu meter lb/ft 3  
10-

6
.62.1130

liquid water content tb/ft 3  
gram/cu meter 16018

pressure lb/ft 2  
In.-nmorcury 0.01414

pressure In.-mercury lD/ft 2  
70.73

pressure lb/ft 2  
In.-water 0.19211

prpsstire i n.-water lb/ft 2  
5. 198

pressure ;n.-merciry lb/sq i n. 0.49115

viscosity. dynamic slug/ft sec Ibm/ ft hr 11.5810

vi-scosi*Y. dynamic slu!/ft sec lbf Sac/ft .

viscosity, kinematic cm
2
/se. ft

2/hr 1.8711

mutual diffusivity cm
2
/ rC ft 2

/hr 3.8711

heat flow B/hr watt 0293

heat flow watt 8/hr 3.9113

heat flow per
unit. area 8/hr flN wa0t/cm2  

ri0 O.31,5

heat flow pea
unit -eea b/hr ft watt!cq in. 10- 2.0 1

heat flow per /
unil•Fra wattt/in2 0/h ft. U9!a

conductiv:ty watt/cm C R/hr ft P 57.79

conductivity B/hr ft F watt/cm C 0.0173
coefficient of f
heit transfer watt/cm

2 
C H!hr ft2 F 1761

oef f i'.ent 0 .ftcm
hnn,•t ttransfe~r Q!hi ft

7 
F C 10"),0. 5679

AU• tl 1 JI (rt , u: tnUt.5 g i I, rzi/sec:2 ý 10•"• u 7. 0 It/hr"

mocihanicQý e.quivalert iof heat J i r.i ft loi/

WADC H ,4-3.. 267
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VELOCITY (1tO'knots)
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